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Abstract 
 
Unsaturated polyester (UP) based glass fibre-reinforced polymer composites (GFRCs) are 
extensively used in marine applications due to their high strength-to-weight ratio, low cost, 
good corrosion and chemical resistance and low maintenance requirements. However, 
despite all these advantages, the poor fire resistance of GFRCs is the major limiting factor 
for their use in certain applications such as passenger vessels, naval ships, submarines etc., 
where fire safety is an important issue. In this research, the chosen methodology to 
enhance the flame retardancy of unsaturated polyester resin is to blend it with an inherently 
flame retardant resin so that the resultant composition may effectively gain the favourable 
property of each component. The inherently flame retardant resin could be phenolic (PH) 
or melamine formaldehyde (MF). The main problem of blending UP and PH resin is their 
incompatibility due to their different curing mechanisms, which can lead to phase 
separation and hence, poor mechanical properties of the composite produced. In order to 
make them compatible, functionalised/modified resins have been used. 
 
In this PhD work, co-blending of UP with following resins have been studied: a) 
unfunctionalised/functionalised resole phenolic resins (Res-PH): four resins chosen were 
water-based resole (PH1), ethanol-soluble (PH2), epoxy-functionalised (PH3), and allyl-
functionalised (PH4); b) flame retardants (resorcinol bis (diphenyl phosphate (RDP), 
bisphenol-A bisdiphenyl phosphate (BADP) and 9, 10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide (DOPO)) added to Res-PH resins; c) modified novolac 
phenolic: methacrylated novolac (M-Nov) resin; and d) melamine formaldehyde resin 
(MF). 
  
The curing behaviour and compatibility of UP, other resins and their blends have been 
studied by differential scanning calorimetry (DSC) and dynamic mechanical thermal 
analysis (DMTA). These results showed that the blends of UP with the functionalised 
phenolic resins are chemically compatible and can be co-cured. Based on the successful 
establishment of curing conditions, plaques of resins have been cast and cured. The most 
compatible polymer blend systems (UP with functionalised/ modified phenolic resin) such 
as UP/PH4 and UP/M-Nov systems showed DMTA results with single glass transition 
 v 
 
temperature (Tg) and no phase separation in the scanning electron microscopic (SEM) 
images, while incompatible systems showed  signs of phase separation.  
 
Limiting oxygen index  (LOI) measurements and cone calorimetry at 50kW/m
2
 heat flux 
have shown that fire performance of the functionalised Res-PH resins and their blends with 
UP is inferior than that from the un-functionalised Res-PH resin, but still significantly 
better than that of the UP. The blended resins with added FRs showed the similar trend i.e., 
FRs are, least effective in un-functionalised (UP/PH2 blends) blends compared with 
functionalised blends (UP/PH3 and UP/PH4). To understand this behaviour, thermal 
analyses using thermo gravimetric analysis (TGA) coupled with infrared spectroscopy of 
volatile degradation products have been used on all resins and their blends, based on 
which, mechanisms of their decomposition and interactions are proposed, and the effects of 
these on flammability are discussed. UP/inherently flame retardant resin blends show 
improved thermal stability and improved flame retardancy than that of UP due to the char 
formation of inherently flame retardant resin component of the bend, whereas the UP resin 
decomposes into combustible volatiles, which burn.  
 
The glass fibre-reinforced composites (GFRCs) from co-blended matrices were prepared 
by hand lay-up method. The flammability of the composite samples was assessed by 
means of cone calorimetry and UP-94 tests. The GFRCs from co-blended resins showed 
better flame retardancy in terms of significant reductions in peak heat release rate (PHRR) 
and improved char residue. Finally the mechanical properties of the composite laminates 
have been studied by flexural, impact and tensile tests. The GFRCs from blends of UP with 
non-functionalised phenolic (UP/PH2) with and without FRs showed poor mechanical 
properties due to poor compatibility between UP and PH2, whereas, the GFRC from UP 
with functionalised phenolic resin, PH3-epoxy functionalised, PH4-allyl functionalised 
with and without FRs and UP/M-Nov, showed little deterioration in mechanical properties. 
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Chapter 1: Introduction 
 
1.1 General   
The use of fibre-reinforced composites in a wide range of applications such as 
automobiles, aircraft, ships, boats, pipelines, sport equipments, storage tanks, etc. has 
become more prevalent in recent years. The traditional metallic and polymeric materials 
have been replaced successfully by fibre-reinforced composites because of their high 
strength-to-weight ratio, light weight, good corrosion and chemical resistance, fatigue 
resistance and low maintenance requirements. The unique properties achieved depend on 
both the constituents of the composites, called fibre reinforcing material, and the polymer 
matrix. The fibre reinforcing material is mainly responsible for the strength and stiffness of 
composites and the polymer matrix material is responsible for the load distribution applied 
on the fibres as well as to protect the fibres from the effect of environmental harm 
conditions. The superior properties of the fibre-reinforced composites are achieved by the 
best properties of both of the constituents. Generally, the reinforcing materials are high 
performance fibres such as glass, carbon, Kevlar etc., whereas the matrix material can be 
either thermoplastic (polyethylene, polystyrene, polyester, nylon 6, acrylic, 
polyetheretherketone, etc.) or thermoset polymer (unsaturated polyester, phenolics, epoxy, 
vinyl ester, polyimide, melamine formaldehyde, etc.). Amongst thermoset  resins, the 
unsaturated polyester (UP) is one of the widely used thermoset resin matrix for fiber-
reinforced composites in marine applications owing to its excellent mechanical properties, 
good moisture resistance, good corrosion and chemical resistance [1-4].  Despite these 
advantages, poor fire resistance, the evolution of smoke and emission of styrene during 
burning of UP based composites are the major limiting factors for applications where fire 
safety is important such as passenger vessels, naval ships, submarines [1, 2] etc. In order to 
save passenger and crew lives from the fire hazard and to meet the stringent fire safety 
regulations governed by the authorities such as IMO/HSC (International Maritime 
Organization/Code of Safety for High Speed Craft), the glass fibre-reinforced composites 
(GFRC) of UP need to be  rendered flame retardant [5, 6]. 
 
The intrinsic flammability property of UP can be altered either by chemical modification 
of the resin or by adding flame retardant chemicals into it. In the chemical modification of 
the resin, flame retardant elements such as halogen or phosphorus [7] are introduced in the 
UP resin backbone. The presence of halogen or phosphorus in UP resin significantly 
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improves the flame retardancy of UP, but when it burns the presence of halogen raises 
environmental issues [8-10]. On the other hand, commonly used mineral fillers such as 
alumina trihydrate (ATH), magnesium hydroxide and calcium carbonate can be used, 
however to be effective, they are required in high concentration (typically >30 wt.%), 
which can deleteriously affect the mechanical properties of the composite [11]. 
 
An alternative method to improve the fire resistance of the composites is to coat the 
surface with ceramic or intumescent coatings. When exposed to heat, the surface coatings 
protect the composite by forming a thermally insulative ceramic layer or intumescent char 
[12]. However, this method has its own limitations, mainly of additional weight. 
 
In recent times there have been developments in the area of polymer/ nanocomposites, 
where nanoparticles such as nanoclays and carbon nanotubes are dispersed into a resin 
matrix to enhance the fire retardancy and mechanical properties of the composites. 
Nanoclays are used at low loading levels (2-5 wt. %). Even 5 wt. % clay loadings can 
reduce the peak heat release value by 70 % for polymers such as poly butylene 
terephthalate, co-polyester elastomer [13]. However, the use of nanoparticles dispersed in 
the uncured UP may cause an increase in resin viscosity and so decrease the ease of 
processing. Also it has been observed that such polymer nanocomposites have low times-
to-ignition and do not perform well in UL-94 and LOI (Limiting Oxygen Index) tests [13-
15]. Considering these drawbacks, a different approach to improve the fire retardancy of 
cured UP is clearly required and, with this in mind, UP may be blended with other 
polymers and co-cured to give materials with fire retardancy better than that of cured UP 
alone. 
 
The blending of different polymers is a well established and convenient method for 
preparing materials with improved properties. This approach is inexpensive when 
compared with the development of a completely new polymer, and can be carried out using 
standard industrial equipment. Ideally, in a polymer blend, the components are chosen so 
that the weaknesses of one polymer can, to a certain extent be masked by the strengths of 
the other and vice versa [16]. For example, phenolic (PH) resin with excellent flame 
retardance, good heat resistance, low smoke and toxic gas evolution can be blended with 
UP resin to improve the poor fire resistance of UP [17-20]. Blending of resins by physical 
means such as mechanical stirring with a high shear force will lead to the formation of 
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either interpenetrating networks (IPNs) or hybrid polymer networks (HPNs) without any 
chemically active covalent bonds [21, 22]. A resultant property of a resin blend mainly 
depends on the chemical miscibility of the blended materials and the processing conditions 
[23]. Although some examples of these are given in literature, this is not a common 
method for fire retarding composites. Based on exploratory work carried out previously in 
the University of Bolton Fire Group [20, 24], it was envisaged that blending can produce 
resin with inherently fire retardant properties. This project focuses on optimised blending 
of the various resin formulations developed, blending and co-curing them with UP; 
studying the thermal stability, flammability and mechanical performance of the co-blended 
cast resins and composite laminates produced from such resins.  
 
1.2 The scope and thesis layout 
1.2.1 Aim 
The aim of this research is to develop inherently flame retardant glass fibre-reinforced 
composites containing novel co-blended resin matrices. The objectives identified to fulfill 
the above aim are listed below.  
1.2.2 Objectives 
1. To study the compatibility of different chemically modified thermoset resins with 
unsaturated polyester. 
2. To study the curing behaviour of different chemically modified thermoset resins 
and their blends. 
3. To characterise the physical, chemical and thermal behaviour of co-blended resins 
such as unsaturated polyester in addition with chemically modified phenolic resins. 
4. To fabricate a number of glass fibre -reinforced polymeric composite laminates 
using selected resin combinations and their blends based on the outcome of (3). 
5. To study the combustion-induced degradation of mechanical properties of novel 
glass fibre reinforced polymeric composite laminates. 
6. To assess the overall fire safety of these novel composites. 
This thesis is structured into nine chapters including the introduction chapter. A brief 
description of the content of each chapter is given below. 
 
 
 4 
   
Chapter 1 
This chapter gives an overview of fibre reinforced composites and applications. 
Flammability of unsaturated polyester resin and developments in fire retardancy of 
unsaturated polyester resin are discussed. The aims and the objectives of the research with 
the layout of this thesis are also presented. 
 
Chapter 2  
This chapter provides the background information and a literature review on the 
applications, chemical structure, curing behaviour and the properties of the important 
thermoset resins. The co-blending of thermoset resins and their properties are also 
reviewed. The properties of fibre-reinforcing materials and the preparation method of glass 
fibre-reinforced unsaturated polyester composites are reviewed. 
 
Chapter 3 
This chapter provides the list of materials used in this research and their details. The details 
of techniques used to prepare the cast resin and the glass fibre-reinforced composite 
laminate samples are explained. The characterization methods used for cast resins to test 
their flame retardancy and their physical and chemical properties are also reported. The test 
methods employed to evaluate the mechanical and fire properties of composite laminates 
are also discussed in this chapter.  
 
Chapter 4 
In this chapter, the effects of co-curing blends of unsaturated polyester (UP) with 
inherently fire-retardant and char-forming phenolic resoles (Res-PH) on the thermal 
stability and fire retardancy of the resulting resins have been investigated. The UP has been 
co-blended with several commercial phenolic resoles, selected based on their varying 
possible compatibility as: water-based resole (PH1), ethanol-soluble (PH2), epoxy-
functionalised (PH3), and allyl-functionalised (PH4). The curing and the compatibility 
behaviour of the above co-blended resins are also discussed. 
 
Chapter 5 
This chapter discusses the fire performance and thermal stabilities of cast resin plaques 
produced from the incorporation of flame retardants into UP, phenolic resins and co-
blended UP/Res-PH resins.  
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Chapter 6 
In this chapter the properties of glass fibre-reinforced composite laminates prepared from 
resins selected from Chapters 4 and 5, have been discussed. Part I of this chapter deals 
with the GFRCs from UP, phenolic and co-blended resins and the effect of different 
functional groups in the resole phenolic resin on fire and mechanical performances of 
UP/Res-PH co-blended resin composites have been discussed. In Part II, the fire and 
mechanical properties of GFRC prepared from UP/Res-PH with added flame retardants are 
discussed.  
 
Chapter 7 
This chapter focuses on the blending of UP with modified methacrylated novolac resin. 
The curing behaviour, compatibility between the resins, fire performance and thermal 
stabilities of cast resins are reported. The composite laminates have also been prepared and 
their mechanical and fire performances discussed. 
 
Chapter 8  
In this chapter melamine formaldehyde has been blended with unsaturated polyester resin. 
The curing behaviour, compatibility between the resins, fire performance and thermal 
stabilities of cast resins are reported. The mechanical and fire performances of composites 
laminates have also been reported.   
 
Chapter 9  
This chapter focuses on the overall fire safety of materials used in this research and 
summarises the conclusions derived from analysis of results. A recommendation for future 
work is also included in this chapter.   
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Chapter 2: Literature Review 
 
This PhD thesis is entitled “Structure–Property Relationships of Fire Resistant Fibre-
reinforced Composites Containing Co-Blended Resin Matrices” and it mainly deals with 
the blending of different types of inherently flame retardant thermoset resins with 
unsaturated polyester resin to improve the fire resistance of the latter. In order to 
understand the basics of thermoset resins, structure and their properties to produce co-
blended fire resistant resins and the effect of co-blended resins on the properties of glass 
fibre-reinforced composites; this background survey of the relevant literature has been 
conducted. 
 
2.1 Thermoset resins 
Thermoset resins are network-forming polymeric materials [1-4] and they are made from 
polymers that can form chemical cross links between their chains binding polymer 
molecules together in three dimensional networks by reactive group [2]. The process of 
cross linking is called “curing” and it is often an irreversible reaction. Before curing, the 
resin is in liquid or viscous state and during the curing process,  initially the resin will flow 
due to change in viscosity with heat, then  the cross linking starts and finally it becomes a 
solid material after the completion of curing. Once the thermoset resin is completely cured, 
it cannot melt, deform and flow under the influence of heat like thermoplastic polymers 
[5]. The three dimensional network can be formed  in different ways  such as  condensation 
type polymerisation, use of cross linking species and by addition polymerization of 
monomers containing two double bonds [5]. The curing reaction or crosslinking reaction 
can be at ambient temperature or at high temperature with or without use of catalysts 
depending on the nature of the polymer. In Figure 2.1, the steps involved in the curing of 
stages in the thermosetting of the polymer is shown:(a) uncured monomers and oligomers, 
(b) linear growth and branching; (c) formation of incomplete cross-linked network; (d) 
fully cured thermoset [1]. 
 
There are certain important factors to be considered while handling and processing the 
thermoset resins, i.e., gel time, gel temperature and glass transition temperature (Tg). The 
gel temperature is the temperature at which the crosslinking of resin starts (starting 
temperature of the cross linking formation). Gel point of a thermoset resin can be 
 9 
   
explained as the instance at which the weight average molecular weight tends to infinity 
[6] and also explained as the liquid-to-solid transition in a thermoset polymer [7]. 
 
 
Figure 2.1 Schematic, two-dimensional representations of thermoset cure 
 
The cured thermoset resins cannot melt like thermoplastic polymers when heated, even 
though above a certain temperature their mechanical properties will alter considerably. 
This temperature is the glass transition temperature (Tg) of the resin and it varies with 
respect to chemical structure of the resin system, degree of cure and the efficiency of 
mixing.  
 
Thermoset resins are extensively used in various applications such as aerospace, 
automotive, marine and adhesives etc., owing to their strength, toughness and higher 
thermal resistance. Depending on the structure and properties of the thermoset resins, the 
applications of each thermoset resin varies. The most widely used thermoset resin 
materials are discussed below along with their structures and their properties. 
 
2.1.1 Epoxy resin 
Epoxy resin is one of the most extensively used thermoset resins because of its excellent 
mechanical strength, low cure shrinkage, a relatively high maximum use temperature, 
excellent adhesion to glass fibres and good resistance to environmental degradation [8-11]. 
a) b)
c)d)
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Based on their curing temperature, epoxy resins can be classified into room temperature 
resins and high temperature resins [12, 13]. Uncured epoxy resins are generally in liquid 
form and are mixed with chemical additives known as curing agents or hardeners. Under 
the influence of heat the mixture eventually turns into a rigid three-dimensional network. 
On the other hand, for room temperature resins, heating is not required. The curing 
temperatures can vary from 5 
o
C to 260 
o
C, depending on the types of the base resin and 
the choice of curing agent [9, 13]. Curing agents are most commonly amines such as 
aliphatic, cycloaliphatic and aromatic. Other types of curing agents may also include 
anhydrides, Lewis bases and acids [14-16].  
 
Epoxy resin precursors are characterised by the presence of at least two reactive epoxide 
groups (an oxygen atom bonded with two carbon atoms) [12]. The diglycidyl ether of 
bisphenol-A (DGEBA) is the most commonly used epoxy resin and its chemical structure 
is shown in Figure 2.2. The other commonly used epoxy resins are: bisphenol-F (DGEBF), 
triglycidyl resins of p-aminophenol (TGAP), and tetraglycidyl diaminodiphenylmethane 
(TGDDM) [11, 12]. 
 
Figure 2.2 Chemical structure of diglycidyl ether of bisphenol A (DGEBA) 
 
Some of the most important properties of DGEBA are attributed to its molecular structure 
which includes:  
i) high reactivity owing to the presence of epoxide and hydroxyl groups (-OH) [17].  
ii) chemical resistance and elasticity owing to the ether linkages in the main molecular 
chain.  
iii) benzene rings that provide chemical-resistance, adhesiveness, durability, heat-
resistance and excellent electrical properties [17].  
 
Depending on the chemical structure of the cured epoxy resin, its Tg varies from 120-220 
0
C [18] and Table 2.1 lists some important characteristics of cured thermoset resins at 
room temperature. 
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Table 2.1 Important characteristics of cured thermoset resins [11, 29, 68, 78] 
Polymer 
Density 
(g/cm
3
) 
Strength 
(MPa) 
Modulus 
(GPa) 
Poisson’s 
ratio  
Cure  
shrinkage 
(%) 
Use  
Temp. 
( 
o
C) 
Epoxy 1.2-1.3 50-125 2.5-4.0 0.2-0.33 1-5 150 
Epoxy vinyl ester 1.14 86 3.2 0.2-0.33 7.8 120 
Unsaturated 
polyester  
1.1-1.4 30-100 2-4 0.2-0.33 5-12 80 
Phenolics 1.2-1.3 55 2-3 0.33 6-15 130 
Melamine 
formaldehyde 
1.7-2.0 20-40 10-13 0.33-0.36 0.3-0.6 110-150 
 
2.1.2 Vinyl ester resin 
Vinyl ester resins are most widely recognised as materials with excellent corrosion 
resistance mainly employed in anti-corrosion coatings of tanks, pipes and ducts. The vinyl 
ester molecules have good water resistance and for many other chemicals. Sometimes they 
are used as a barrier or ‘skin’ coat for a polyester laminate that is to be immersed in water, 
such as in a boat hulls. 
 
Vinyl ester resins are generally formed initially by reaction of an epoxy resin precursor 
with acrylic or methacrylic acid, which provide unsaturated terminal sites [19-23] followed 
by reaction with styrene. As a result of the presence of reactive acrylate ester at the 
terminal ends of the molecular chain, the vinyl ester cross linking is at the ends of the 
molecular chain through the carbon – carbon double bonds (C=C) rather than throughout 
the chain as in unsaturated polyesters. Since this results in lower cross linking density, 
vinyl esters are normally tougher than unsaturated polyester resin and the existence of 
fewer ester groups in vinyl ester resins helps in improving water resistance and moisture 
resistance [15]. The vinyl ester resin contains 30 to 60 % styrene by weight as a diluent 
and a bridging component in the curing process [19]. In vinyl ester resin, the crosslinking 
occurs by free–radical polymerisation with organic peroxides as initiators. During curing, 
the initiator opens up double carbon bonds on the vinyl ester and styrene molecules and 
forms cross linkages between them [19]. The rate of the cross linking /curing reaction 
mainly depends on the temperature and concentration of the monomer and initiator, which 
also determines the mechanical properties of the cured resin [24-27]. The general chemical 
structure of vinyl ester obtained by reacting epoxy resin with acrylic acid is as shown in 
Figure 2.3 [28]. The properties of epoxy vinyl ester resin are given in the Table 2.1. 
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Figure 2.3 Chemical structure of vinyl ester resin by reaction between epoxy resin 
and acrylic acid 
 
2.1.3 Unsaturated polyester resin  
Unsaturated polyester resins (UP) are one of the most commonly used thermosetting 
polymer types in the world [30, 31]. UP is widely used as coatings and constitutive 
matrices of chopped glass fibre-based composites of sheet moulding (SMC) and bulk 
moulding (BMC) compounds [30, 31]. UP is used in various fields such as construction, 
electronic and transportation owing to their good mechanical properties, low density, low 
cost and easy processability characteristics [32]. 
 
Unsaturated polyester resins are polymers formed by condensation reaction between 
glycols (e.g. ethylene glycol, propylene glycol or diethylene glycol) and dicarboxylic acids 
or anhydrides (e.g. maleic acid anhydride, fumaric acid) and saturated acids (e.g. phthalic 
anhydride) (see Figure 2.4) [33, 34].  
 
 
Figure 2.4 Chemical structures of propylene glycol, maleic anhydride and phthalic 
anhydride 
 
The term unsaturated means there are reactive sites in the molecule where UP has certain 
number of C=C double bond reactive sites in its chemical structure. Crosslinking occurs by 
addition polymerisation between carbon-carbon double bonds and monomer, such as 
styrene as adiluent which is co-reactant or co-monomer in the crosslinking reaction. Thus, 
Propylene glycol Maleic anhydride Phthalic anhydride
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this reaction requires that a free radical be formed that attacks the carbon-carbon double 
bonds to initiate the reaction sequence. 
 
Initiators are added to the resin system shortly before use to initiate the polymerisation 
reaction. The catalyst does not take part in the chemical reaction but simply activates the 
process but the initiator does take part in reaction. The initiator can be heat-activated 
peroxide or some other free radical source. The most commonly used initiator for UP is the 
methyl ethyl ketone peroxide (MEKP) [35]. The catalyst (cobalt octoate or naphthenate) is 
also added to the resin to enable the reaction to proceed at faster rate. In order to adjust the 
pot life, gel time and curing time of the UP resin, inhibitors (e.g. quinones, such as 1,4-
benzoquinone and hydroquinone) are also usually added [36]. Generally resin 
manufacturers supply UP resin with pre- mixed additives. The UP resin and the initiators 
must be carefully stirred to mix the resin and the initiator. This stirring must be thorough 
and all the air bubbles need to be removed. Any air introduced into the resin mix affects 
the quality of the final product. The properties of cured resin mainly depend on its curing 
temperature, curing time, and amounts of initiator and catalyst added to the resin. The 
schematic diagram of the formation of cross linked UP resin given by Prime and Turi, 
1981 [37] is shown in the Figure 2.5. Too much initiator will cause too rapid gelation time, 
whereas too little initiator will result in under-cure. The curing reaction of unsaturated 
polyester resin is shown in Figure 2.5.  
 
The curing reaction in the UP is exothermic and the control of temperature during cure is 
of great importance for the quality of the product [37]. Differential scanning calorimetry 
(DSC) is the most commonly used technique to measure the amount of heat evolved during 
the curing reaction which helps to calculate the degree of cure achieved in the resin 
material. Some of the characteristic properties of cured UP resin are given in the Table 2.1. 
 
In spite of UP having several good properties, it is highly flammable. Owing to its intrinsic 
chemical composition and molecular structure, it produces large quantities of smoke and 
toxic gases (e.g. styrene) when burnt [38, 39]. UP resin can be flame retarded by different 
methods which are explained in the following section. 
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Figure 2.5 Formation of cross linked unsaturated polyester resin [37]  
 
2.1.3.1 Flame retardant unsaturated polyester resin 
The flame retardancy of UP can be improved using two approaches namely, an ‘additive’ 
type and a ‘reactive’ type. In an additive type approach, flame retardants (FRs) such as 
halogenated organics (e,g. tetrabromo-p-xylene, pentabromobenzyl acrylate, 
pentabromoethyl benzene, pentabromotoluene, decabromodiphenyl oxide and brominated 
epoxy resins), are incorporated into the UP resin by physical means [40]. Generally, 
antimony trioxide is added with the halogenated FR components to produce a synergistic 
effect in the improvement of the flame retardant characteristics of the UP resin [41]. Even 
though it is a most economical method, it has problems like leaching of FR and a reduction 
in the mechanical properties. In the reactive approach, the FR is incorporated into the 
chemical structure of UP by covalent bonding which results in good mechanical properties 
but with higher cost. Flame retardant unsaturated polyester resins can be prepared by using 
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reactive halogenated dibasic acids such as tetracholorophthalic anhydride (I), 
tetrabromophthalic anhydride (II), dibromoneopentyl glycol (III) or tetrabromo bisphenol-
A in place of phthalic anhydride (IV) or propylene glycol [28, 42] (see Figure 2.6). The 
halogen components of the resins act through a vapour phase radical flame retardant 
mechanism and interrupt the exothermic processes to suppress combustion [43]. When 
halogenated resins burn, they produce hydrogen halides, which are corrosive and toxic 
[43].  
 
Figure 2.6 Chemical structure of reactive halogenated FRs for UP resin 
 
Non-halogenated FRs were developed because of a growing demand for an environmental 
friendly FR. The most commonly used halogen-free FRs for UP are alumina trihydrate 
(ATH) alone or combined with ammonium polyphosphate (APP) and the nitrogen rich 
compound, melamine [44, 45, 46]. The incorporation of the above fillers mainly acts to 
dilute the polymer and reduce the concentration of flammable gases from the polymer [43]. 
The effectiveness of this flame retardant tends to be limited since the relatively large 
amounts (> 60 % w/w) required for an acceptable level of flame retardancy, have a 
detrimental effect on the processing as well as on the mechanical properties of the final 
product [46]. ATH decomposes by an endothermic reaction. During heating/burning of the 
polymer, the endothermic decomposition reaction of the ATH takes place at ~180 
o
C and 
produces water which dilutes the concentration of flammable gases evolved from 
decomposing polymer.  
 
Nanoclays can be used as FRs or with APP to give a synergistic effect [47]. Carbon 
nanofibres have also been used to reduce the flammability of UP resin [48]. During 
burning of the nanoclay polymer composites, the nanoclay particles migrate towards the 
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surface of the composite, which lead to char formation and act as a barrier for heat. 
Recently, layered double hydroxides (LDH) have also been shown to improve fire 
retardancy of unsaturated polyesters [49]. 
 
In addition to metal hydroxides, the smoke suppressants zinc borates, tin compounds (zinc 
stannate ZnSnO3 and zinc hydroxy stannate ZnSn(OH)6) have also been suggested as 
possible fire retardants as well as smoke suppressants [50]. The effect of the various smoke 
suppressants depends on the temperature of pyrolysis [51]. In order to achieve synergistic 
effects, usually these smoke suppressants are used along with conventional flame 
retardants and/or nanoclays. 
 
Most recently, the organophosphorus type of FRs have been widely used to reduce the 
flammability of UP resin (e.g., 9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide 
(DOPO) and its derivatives) [52]. DOPO and its derivatives in thermoset polymers are 
known to function in the gas phase (radical mechanism) and condensed phase (char 
formation) simultaneously [53]. In the condensed phase of action, the phosphorus FR 
promotes char formation on the surface of the polymer through the formation of 
phosphoric acid [54, 55]. Moreover, the char formation decreases the concentration of 
gaseous hydrocarbons arising from pyrolysis [56]. 
 
Another major category of FRs are the‘intumescents’, which when exposed to fire form a 
porous foamed mass/char, which acts as a barrier to heat and suppress the combustion [57-
60]. Generally, an intumescent material consists of three components [61]; 
i) A char forming agent - a carbon rich organic substrate containing functional 
groups (e.g -OH, -NH2,-COOH). 
ii) A catalyst for char formation - an inorganic acid liberated by heating a compound 
which contains it (e.g. ammonium polyphosphate). 
iii) A foaming (spumific) agent - a chemical substance which liberates gases when 
heated (e.g. melamine phosphates). 
 
2.1.4 Phenolic resin 
Phenolic resin is generally known as an ‘inherently flame retardant’ resin owing to its high 
aromatic characteristic behaviour. When phenolic resin is subjected to flame, it chars rather 
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than melts or burns. So, it can be used in applications that are sensitive to flammability and 
smoke requirements, such as the interior of aircraft, rocket nozzles and aerospace 
applications, etc. In addition to high flame retardancy, it possesses an excellent adhesive 
quality. Presence of high number of -OH groups in polymer chains are responsible for its 
excellent adhesive qualities [62]. Phenolic resins can be used in plywood, printed circuit 
boards, foundry shells and cores, sandpaper, brake linings and grinding wheels. Owing to 
their low thermal conductivities, phenolic resins can be used for pan handles, bases for 
toasters, knobs for appliances and motor housings [63]. In addition, they have high 
electrical resistance, which is useful in electrical switches, circuit breakers, connectors and 
commutators, cabinets for radios and automotive electrical parts. The main drawbacks of 
phenolic resins are their brittleness and high curing shrinkage [64]. In addition, the great 
disadvantage of phenolic resin processes is that they are characterised by a complex 
process of polymerisation (cure) with generation of water and formaldehyde, with 
consequent formation of voids. Therefore, the processing of phenolic materials requires 
careful temperature control and gradual heating to allow continuous elimination of 
volatiles and to reduce the number of defects in final components [65].  
 
Phenolic resins are formed by the condensation reaction between phenol and formaldehyde 
of which water is the by-product. The ring hydrogens in the para-and ortho- positions 
relative to the hydroxyl group can react with formaldehyde and thus cross-link to form a 
three-dimensional network [63]. The first step in the curing reaction, the formation of 
hydroxymethyl derivatives by the reaction between the phenol and formaldehyde [66]. In 
the second step of curing, the condensation reaction taken place between the 
hydroxymethyl derivatives and the formaldehyde.  
 
Based on the type of phenol used, the stoichiometric ratio of phenol to formaldehyde and 
the pH of the curing reaction, the phenolic resins are divided into two main types. They 
are, resole type and novolac type phenolic resins. A third type of phenolic resins is largely 
derived from modified natural resins (e.g. rosin). Moreover, the modified phenolic resins 
from natural resins contain ester links, carboxyl group and double bonds unlike phenolic 
hydroxyl groups in resole or novolac resins. 
 
The general processes involved in the formation of resole and novolac resins are shown in 
the Figure 2.7, which is adapted from [67]. In the resoles the condensation is carried out by 
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base catalyst unlike novolac. The resoles are self–crosslinking because of the presence of 
reactive hydroxymethyl groups and dimethylene ether bridges. Resole phenolic resins can 
be called one stage resins since all of the formaldehyde is added at one time and the 
reaction started in the resin container is continued in the curing of final product.  However, 
novolacs cannot cure on their own because of lack of active functional groups as in resoles. 
Novolacs have only methylene bridges and phenolic hydroxyl groups. In addition, 
novolacs need curing agents such as formaldehyde or hexamethylene tetramine (HMTA) to 
be added for their complete cure (two stage process) [67]. Table 2.2 provides a comparison 
of resole and novolac resin formation and curing processes. General properties of phenolic 
mouldings are given in Table 2.1. 
 
Figure 2.7 Processes involved in resole and novolac resin 
 
Table 2.2 Comparison of resole and novolac preparation processing parameters [66] 
Resin type Catalyst F/P Physical 
state 
Product 
stability (RT) 
Function
al groups 
Mode of cure 
Resole Base ≥1 
Liquid, solid 
solution 
Limited 
Methylol, 
phenolic 
Thermal, 
base, acid 
Novolac Acid <1 Solid Stable Phenolic HMTA 
 
Resole phenolic resin production 
Resoles are commonly produced by a batch process and the properties of resole phenolic 
resin can be varied with the following parameters, 
 
i) Raw materials  
- phenol or phenol derivatives such as cresols, alkyl phenols, xylenol and resorcinol.  
- formaldehyde as formalin in aqueous solution (37-52%). 
Phenol  + excess formaldehyde +  alkaline catalyst Resole
Excess phenol  + formaldehyde +  acidic catalyst Novolac
Cured 
resin
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- basic catalysts such as sodium hydroxide or other hydroxides of  alkali or alkaline 
earth metals. 
- solvents such as water, methanol, ethanol, isopropanol, butanol and furfuryl alcohol 
or methyl- ethyl ketone. 
ii) Molar ratio 
- Formaldehyde : Phenol (F/P) can be≥1. 
iii) Processing parameter 
- temperature and time profile of the process. 
 
In resole production there are two important reactions called addition/methylolation and 
condensation. In the methylolation reaction, there is an addition of phenol and 
formaldehyde, which happens below 60 
o
C [66]. The condensation reaction usually takes 
place above 60 
o
C temperature, where there is a reaction between methylol and 
methylol/phenol to form a prepolymer of resole resin.  The curing reaction of resole 
phenolic resin proposed by Jurgen Lang [66] is shown in Figure 2.8. 
 
Figure 2.8 Curing reaction of a resole phenolic resin [66] 
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Novolac phenolic resin production 
Novolac resins are mainly produced by a batch process. The novolacs are formed by 
condensation reaction of phenol and formaldehyde in an acid solution with excess of 
phenol. Only a part of formaldehyde is added for initial reaction. More formaldehyde or 
other crosslinking agent is added in a later (second) stage. The main raw materials used in 
novolac production are phenol and formalin (formaldehyde concentration is 30-55 %). 
Generally the reaction starts by the addition of acid catalyst such as oxalic / sulphuric acid. 
In general the processing temperature of the novolac production is 100 
o
C. 
 
The polycondensation reaction of novolac resin contains several steps namely; i) the acid 
catalysis, ii) the base catalysis, iii) the formation of methylene bridge, iv) the crosslinking 
reaction [69]. 
 
2.1.5 Melamine formaldehyde resin 
Melamine formaldehyde (MF) resin is one of the most widely used amino / formaldehyde 
resin. It is widely used in our daily applications such as in furniture, flooring, exterior 
cladding and wood based panel and laminates with surface-coated interior and exterior 
materials [70]. MF resin offers chemical and mechanical resistance to paperboards, 
plywood and fibreboards [71]. In addition, inexpensive MF resin is used as a shell material 
for microcapsules containing deca bromo diphenyl ether (DBDPE) to increase the thermal 
stability and flame retardancy of the polymer materials [72-74].  
 
Production of melamine formaldehyde resin involves two main steps [75] namely; i) 
formation of MF prepolymer, ii) condensation polymerisation or cross-linking reaction. 
The prepolymer of melamine formaldehyde is formed by the reaction between the 
melamine and the formaldehyde. The preferred pH range for the formation of prepolymer 
step is 7.0-9.0 and the preferred temperature is 70 
o
C. Basically, the first step is the 
methylolation of melamine [75].  
 
In the second step, condensation reaction takes place with the application of heat under 
acidic conditions. Through a polycondensation reaction/crosslinking reaction, the 
prepolymer is crosslinked either by ether linkages or methylene linkages [76]. This 
reaction mainly depends on parameters such as molar ratio, pH, and the temperature [77]. 
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The general properties of a melamine formaldehyde cast moulding are given in the Table 
2.1. 
 
2.2 Polymer blends  
An intimate mixing of two different polymers is generally called blending of polymers and 
the resultant mixture is known as polymer alloy/polymer blend. Polymer blending is a 
well-recognised and useful method for preparing new materials that combine the excellent 
properties of more than one polymer [79]. This approach is inexpensive compared with the 
development of a completely new polymer and can be carried out in a standard industrial 
equipment. Ideally, in a polymer blend the components are chosen so that the weaknesses 
of one polymer can to a certain extent be masked by the strengths of the other and vice 
versa [80]. For example, blending of epoxy resin with phenolic resin, in which the phenolic 
resin can act as a curing agent for the epoxy allows low temperature curing [81]. Polymers 
can be ‘miscible’ or ‘immiscible’, depending on the thermodynamics of polymer – 
polymer interactions and kinetics of the mixing process [82]. Most polymer pairs are 
immiscible and form a phase-separated system. These systems are generally opaque and 
show two glass transition temperatures [83-86]. Unlike immiscible blends, the miscible 
blend shows a single glass transition temperature without phase separation. In addition, 
there is one more type of blend called a ‘partially miscible blend’. In this, only a small part 
of one blend component is dissolved in the other giving a near-homogeneous material. 
These types of polymer blend possess satisfactory properties and both Tgs are shifted from 
the values of the pure blend component [80]. As given by the Fox equation [83], the Tg of a 
polymer miscible blend mainly depends on the Tgs of the components and the formula used 
to predict the Tg of the blend is, 
                                                                                    (2.2) 
Where, WA and WB are the weight fractions and T
A
g and T
B
g the Tgs of polymer component 
A and polymer component B, respectively.  
 
The Fox equation is most suitable for miscible polymer blends. The miscibility of the 
blends mainly depends on the polarities of the two polymers, specific group attractions, 
molecular weights of the two polymers, ratio of the two polymers and crystallinity of one 
or both components. 
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The existence of miscibility/compatibility between the polymer components of the blend is 
commonly characterised by the Tg measurement using differential scanning calorimetry 
(DSC) or dynamic mechanical thermal analysis (DMTA) techniques. Several other 
techniques are used to characterise the miscibility of the blends: for example, nuclear 
magnetic resonance (NMR) and Fourier transform infrared spectroscopy (FTIR), in which 
the interactions in polymer blends can be studied. In addition, optical microscopic 
technique, scanning electron microscopic (SEM) and transmission electron microscopic 
(TEM) techniques can also be used the check the miscibility of the polymer through 
morphological analysis [87]. 
 
Immiscible polymer blends generally possess physical properties worse than those of either 
of their individual component polymers. Numerous studies have proved that the presence 
of any kind of interactions between the polyblend components such as hydrogen bonding, 
ion-ion pairing, electron-donor, electron-acceptor complexation, etc. [88], produces a 
favourable mixing enthalpy and hence can lead to complete miscibility. Miscibility can be 
improved in several ways, e.g., by chemical modification, copolymerisation, introduction 
of groups able to form specific interactions, etc. [89-91]. The energy of interaction between 
polymer units increases in the order: van der Waals interactions < dipole-dipole 
interactions < electron donor-acceptor complex formation = H bonding = ion-dipole 
interactions < ion-ion interactions [92]. In addition, the immiscibility between the 
components can be improved by the addition of a compatibiliser. 
 
There are several compatibility strategies, usually used in polymer blending processes. The 
most commonly used are: i) use of a common solvent [80], ii) use of an external 
compatibiliser (such as a surfactant for example) [93] and iii) the chemical 
functionalisation of at least one of the components of the blend [94]. 
 
The compatibilising reaction should be fast and irreversible and also the compatibiliser 
should be able to withstand high processing temperatures. Additional compatibilisation can 
be done via the addition of low-molecular-weight components to promote copolymer 
formation or crosslinking reactions. Distribution of compatibiliser depends on blend 
components, processing conditions, molecular weight and distribution, type of copolymer 
and the solubility between components. There is a formation of interpenetrating polymer 
network (IPN) in polymer blends at the end of compatibilisation. 
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An interpenetrating polymer network (IPN)
 
is a polymer comprising two or more networks 
which are at least partially interlaced on a molecular scale but not covalently bonded to 
each other and cannot be separated unless chemical bonds are broken. An IPN can be 
distinguished from conventional polymer blends, blocks, or grafts in two ways: 1) an IPN 
swells, but does not dissolve in solvents, and 2) creep and flow are suppressed [94]. There 
are several kinds of IPNs: sequential IPNs, simultaneous IPNs, latex IPNs, gradient IPNs, 
thermoplastic IPNs and semi IPNs. However, sequential and simultaneous IPNs are the 
most common types in polymer blends (see Figure 2.9). Figure 2.9 is adapted from [94]. 
 
 
Figure 2.9 A. Sequential IPN and B. Simultaneous IPN formation 
 
2.2.1 Thermoset resin blends 
Thermoset resins are formed by a crosslinking reaction of prepolymers through heating or 
chemical initiators. Since a thermoset resin forms a three dimensional network or solidifies 
upon curing, it is important that any mixing of additives into the resin or blending of resins 
is done during prepolymer stage. The mixing of two different thermoset resins is generally 
eased by the low viscosity of the polymer. Many commercial thermosets such as 
unsaturated polyester resin, epoxy, vinyl ester, phenolic resins are quite often used as 
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complex mixtures of several co-reacting monomers and prepolymers, specifically 
formulated to suit a given end-use application [94]. Thermoset blends are mainly 
distributed into three categories: i) thermoset-thermoset blends, ii) thermoset-thermoplastic 
blends and iii) rubber modified thermosets. 
 
2.2.1.1 Thermoset –thermoset blends 
The thermoset–thermoset polymer blend always forms an interpenetrating network (IPN). 
Most thermoset-thermoset blends co-react i.e. when the mixture of two different 
thermosetting monomers or prepolymers is cured; there is a simultaneous co-reaction 
between the components along with the crosslinking reactions [94]. This process is also 
called co-polymerising/co-curing of thermosets. Examples for the co-reacted polymer 
blend system are, epoxy- phenolic resole resin blend systems, unsaturated polyester resin- 
resole phenolic resin blends, and epoxy-unsaturated polyester resin blend systems. Some 
reasons for forming such blends are listed below: 
i) Epoxy-phenolic resole blends [95] - to improve the mechanical properties of 
phenolic resins or to reduce the cure temperature. 
ii) Unsaturated polyester resin- resole type phenolic resin [96, 97, 98, 99] - to 
improve the poor fire resistance properties of UP. 
iii) Epoxy- unsaturated polyester resin blend [100-106] – to improve mechanical, 
thermal properties of UP. 
 
Basically the compatible thermoset-thermoset polymer blends show a single Tg. In 
addition, the compatible IPN’s have < 5 nm size domains and incompatible IPN’s show 
domain sizes > 30 nm [94]. 
 
Debora et al. [95] studied the effects of the addition of different epoxy resins on the 
thermal stability and fire resistance of phenolic resoles by thermogravimetric analysis and 
cone calorimetry. The tests were carried out on different blend ratios and the results 
showed that with < 15 wt. % of epoxy content, the mechanical properties of phenolic resin 
are improved and that the cure temperature of the blend is reduced. 
 
Blending of unsaturated polyester resin and phenolic resole resulting in IPNs has been 
extensively studied by Chiu et al. [96 -98] who prepared samples of UP/phenol blends with 
 25 
   
different ratios of 20/80, 40/60, and 60/40 to improve the poor fire resistance properties of 
UP by employing the excellent fire resistance of the phenolic. The cure behaviour of 
polymers was investigated using DSC and DMTA to detect and simulate the cure 
behaviour of UP, phenolic and UP/phenolic blends. They also studied their mechanical 
properties by tensile and flexural testing. From the DSC results, the cure rate, cure 
temperature, conversion and changes in the glass-transition temperature were measured. 
The result showed that according to isothermal testing, the curing temperature of UP was 
lower than that of the phenolic, and that the cure rate of UP was much greater than that of 
the phenolic below 165 
o
C. For UP/phenolic blends, as the proportion of the phenolic 
increases, the endothermic peaks move toward low temperature with increasing 
endothermic volume. However, the curve of 60UP/40 phenolic showed the phase 
separation because when the proportion of UP was more than phenolic, UP starts to cure 
first and the phenolic has a much slower reaction mechanism. So, the UP entrains the 
phenolic. As a consequence, the UP80/20phenolic blend cannot be cured. The mechanical 
properties of the UP/phenolic blends at different mixing proportions showed a non-linear 
relationship which indicates the non-additive effect of blending (see Table 2.3) [97].  
 
Table 2.3 Mechanical properties of UP/phenolic resin blends [97] 
Component Tensile Tensile Flexural Flexural 
 (wt. % / wt. %) strength (MPa) Modulus (GPa) strength (MPa) Modulus (GPa) 
Phenolic 101 6 243 7.1 
UP20/Ph80 77 6.2 199 9.3 
UP40/Ph60 48 5.7 131 5.7 
UP60/Ph40 38 4.8 99 4.2 
UP 47 5.4 104 4.2 
 
Chiu et al. [98] also studied the thermal degradation and combustion behaviour of the 
above UP/phenolic blends. Thermal decomposition studies of UP/phenolic IPN blends 
showed that the percentage weight loss is remarkably reduced as the content of phenolic 
resin increases. Evaluation of flame retardation of UP/phenolic IPN blends showed that 
limiting oxygen index (LOI) increased as content of phenolic resin increased. From the 
combustion behaviour study, the maximum heat releases of UP/phenolic IPN blends were 
shown to be much lower than those of UP resin. The smoke density for UP/phenolic IPN 
blends was much lower than that of UP resin. To conclude, the UP/phenolic IPN structure 
not only remarkably improved the heat resistance but also helped to suppress the smoke, 
toxic gas and heat release during the combustion process.  
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Parameswaran et al. [99] studied the effect of unsaturated polyester resin in controlling the 
microvoids in resole phenolic resins. A phenolic resole resin was blended in different 
proportions with UP having various maleic anhydride (MA) to phthalic anhydride (PA) 
ratios. The UP with MA/PA ratio 70:30 gave the best results having fewer microvoids and 
better mechanical properties. It was found that the microvoid content decreased with 
increasing UP content. 
 
Blending of unsaturated polyester (UP) and epoxy (diglycidyl ether of bisphenol A 
(DGEBA)) resin resulting in IPNs [100-106] with single Tg, has been extensively studied. 
Benny et al. [101] investigated the effect of modified (epoxidised phenolic novolac - EPN) 
epoxy resin on the mechanical and thermal properties of unsaturated polyester resins (UP). 
Samples were prepared from epoxidised phenolic novolac (EPN), epoxidised cresol 
novolac (ECN) and DGEBA, by reactive blending. The impact of matrix modification on 
mechanical, thermal and fracture properties were examined. There is an increase of 32 % 
in tensile strength and 238 % in the toughness properties of UP at very low concentration 
of EPN (5 % wt.). In addition, the blend also shows substantial improvement in thermal 
stability and damping properties. Similar studies were carried by Mu-Shih et al. [102-104] 
on UP/epoxy blends. The chemorheology and kinetic study on UP/epoxy IPNs indicated a 
reduction in rate of curing in UP by the sterically hindered movement of polymer chains 
[102,103]. However, the hydroxyl end groups in UP catalysed the curing reaction of 
epoxy; in some IPNs where the hydroxyl concentration was high enough, such a catalytic 
effect predominated over the network interlock effect, leading to rapid viscosity increases. 
In addition, the entanglement of the two interlocked networks played an important role in 
impact energy absorption reflected in a toughness improvement [104, 105]. Blends of 
epoxy-cyanate resins are one of the most commonly used commercial resin systems. In 
epoxy/cyanate blending, the epoxy and cyanate resins co-cure resulting in an IPN with a 
single Tg (> 250 
o
C) [94]. Generally, the blend is more cost-effective than cyanate resin 
alone. Epoxy–cyanate blends are widely used for fire resistant applications in aircraft 
structures and in semiconductor devices [107]. 
  
Penczek et al. studied the formation of interpenetrating polymer networks (IPN) by the 
simultaneous crosslinking of unsaturated polyester resins and bisphenol A dicyanate 
(BACA). The copolymerisation of unsaturated polyester with styrene occurs by radical 
mechanism, whereas bisphenol A dicyanates crosslink by a cyclotrimerisation mechanism. 
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The resulting blended resins show high Tg and increased mechanical strength in 
comparison with corresponding unsaturated polyester resin without BACA [108]. 
 
2.3 Fibres for Composite Reinforcement 
Fibres are the predominant reinforcing material used in advanced composites owing to 
their high strength and stiffness properties [109]. Fibres can be used in the form of 
continuous or discontinuous, depending on the application and manufacturing process (see 
Figure 2.10). The Figure 2.10 is adopted from [109]. In Figure 2.10, a), b) and c) are 
continuous fibres and d) and e) are discontinuous fibres. The physical and mechanical 
properties of some important commercially used fibres are listed in the Table 2.4 [15]. 
 
Figure 2.10 Fibre reinforcement types in composites; a) unidirectional b) woven 
fabric, c) roving, d) chopped fibres, e)  fibre mat 
 
Table 2.4 Physical and mechanical properties of fibres [15, 40, 110] 
Fibre 
Density 
(g/cm
3
) 
Dia. 
(m) 
Max. 
service 
temp.( 
o
C) 
Tensile 
strength 
(MPa) 
Tensile 
Modulus 
(GPa) 
Elong. at 
failure 
(%) 
LOI 
(%) 
E-glass 2.58 5-20 250 3447 68.9 4.7 - 
S-glass 2.48 5-10 - 4482 86.9 5.6 - 
Aramid 1.44 12 200 3620 82.7 4.0 30 
Carbon 1.8 6-8 400-450 3447-4826 221-241 1.5-2.2 55-60 
 
In Table 2.4, the maximum service temperature and the LOI are the quantities used to 
indicate the heat resistance and fire resistance property of the fibre material. Where LOI is 
the minimum percentage of oxygen required to support flaming combustion. Fibres with 
LOI > 26 are said to be flame retardant or the material is “hard to burn” [98]. Generally, in 
composites the fibres are used in the tow form as fabric. In addition, properties of the 
a) b) c) d) e)
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composites are dependent on the certain fibre properties: the type of fibre, form of the 
fibre, fibre orientation, volume fraction of the fibre etc., In terms of cost, carbon fibres are 
the most expensive, followed by aramid, S-glass and E-glass [15]. The cost and the 
properties for different reinforcing fibres were plotted from the book ‘Structural Composite 
materials’, 2010 (see Figure 2.11). 
 
Figure 2.11 Relative fibre cost and performance of high –strength fibres  [15] 
 
2.3.1 Glass fibres 
Glass fibres are most widely used in structural composites because of their good 
mechanical, chemical, electrical properties, low price and processability [111, 112]. Based 
on chemical composition, the glass fibres are classified into several types and their 
chemical composition is mainly based on silica (SiO2) and other elements such as 
aluminium (Al2O), calcium (CaO) and magnesium (MgO) oxides [113]. Table 2.5 lists 
some commercially available glass fibres and their chemical composition.  
  
From Table 2.5, the E-glass (E for electrical) fibres can be seen to possess low electrical 
conductivity, C-glass(C for corrosion) to possess high corrosion resistance and chemical 
durability and S-glass (S for strength) to have high strength.  
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Table 2.5 Approximate chemical compositions of glass fibres [113] 
Composition (wt. %) E-glass C-glass S-glass 
SiO2 55.2 65 65 
Al2O3 8 4 25 
CaO 18.7 14 - 
MgO 4.6 3 10 
Na2O 0.3 8.5 0.3 
K2O 0.2 - - 
B2O3 7.3 5 - 
 
E-glass is the most commonly used type of glass fibre for polymeric composites. The main 
advantages of E-glass fibres are their good tensile and compressive strength and stiffness, 
good electrical properties and low cost [13]. 
 
Glass fibre is an amorphous solid fibre, which is manufactured by a melt spinning process.  
The manufacturing process involves the sudden cooling (quenching) of molten glass to 
avoid crystallisation. Glass fibres are therefore obtained at high cooling rates. The 
manufacturing process consists of different stages namely [11]: 
 
i) Batching- Automatic precise weighing of raw materials and thorough mixing.  
ii) Melting- Raw materials are heated at high –temperature (~ 1400 oC) to melt using a 
natural-gas fired furnace. 
iii) Fiberization- Molten glass is extruded from the heated platinum spinnerets of 200-
8000 holes at the base to form filaments and immediately quenched by water or air 
spray.  
iv) Coating/sizing- 1 or 2 wt. % of sizing is applied on the fibre to prevent 
filamentation. 
v) Drying and packaging - Dried in an oven to dry the wet size coating. 
 
The schematic diagram of glass fibre manufacturing process is shown in Figure 2.12, 
which was adapted from [11]. 
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Figure 2.12 Schematic diagram of manufacturing process of glass fibre 
 
2.4 Fabrication techniques of composite laminates 
Fibre-reinforced composites can be produced in the form of thin layers, called laminae 
(layer) [114]. When two or more laminae are bonded together then a laminate is formed 
[114]. Glass fibre-reinforced unsaturated polyester composites are mainly fabricated by the 
wet lay-up, vacuum resin infusion and resin transfer moulding (RTM) methods. In 
addition, filament winding and pultrusion are two other fabrication methods available. 
 
The wet lay-up method is predominately used in making yacht hulls, for example, with 
minimal tooling costs. In the wet lay-up process, a layer of reinforcement material in fabric 
form is placed manually on the mould. The resin is then applied to  the reinforcement 
by pouring. Squeegees or rollers are used to densify the  lay-up, thoroughly wetting 
the reinforcement with th e  resin and removing excess resin and entrapped air [11]. 
The laminate is built up layer by layer until the required thickness is obtained.  
 
Vacuum bagging is an extension of the “wet lay-up” process in which the fibres are 
impregnated with resin by using rotating rollers and a bath of resin. Once the wet laminate 
is laid up, it is then sealed in a plastic film, from which air is extracted by a vacuum pump 
[114]. In RTM, the resin is forced into a cavity containing the fabric, using an injection 
system known as vacuum assisted resin transfer moulding (VARTM) [114]. In both cases, 
the laminates are finally cured under pressure for a predetermined period of time [114]. 
Batch hopper at furnace
Batch mixing
Furnace melting area
Platinum bushing
Size applicator
Traverse guideGlass filament collector
Winding head
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2.5 Properties and performance of glass fibre reinforced composites 
(GFRC)  
The performance and the properties of the composites are evaluated by various tests. The 
important properties of composites such as: mechanical, thermal and flame retardancy are 
discussed in this section. 
 
2.5.1 Mechanical properties of GFRC 
The mechanical properties of GFRC of UP are mainly dependent on the properties of the 
constituent materials, the nature of the interfacial bonds, the mechanisms of load transfer at 
the inter-phase and the adhesion strength between the fibre and the matrix [115]. The 
mechanical properties of GFRC of are related to the mechanical properties and fractional 
volume of UP matrix as well as the type of glass fibre. By the rule of mixtures, the 
strength, density and the modulus of elasticity can be estimated [116]. For example, by the 
rule of mixtures, the density of the fibre reinforced composite (ρc) is calculated as follows,   
                                   ρc = fm ρm + ff ρf                                                                     (2.4) 
Where, fm is matrix fraction, ρm is density of the matrix, ff is fibre fraction and ρf is the 
density of the fibre.                                                                                       
 
Mechanical properties of the composite laminates generally are measured by using tensile, 
flexural, impact and shear tests. From the derived results, the main mechanical properties 
such as stiffness, strength and elongation at break are measured. Generally, the tensile and 
flexural tests are carried out at one temperature (room temperature), however in order to 
get a clear of understanding of the impact of other environmental factors on the properties 
of UP and the glass fibres the tests have been carried out at several conditions such as at 
different temperatures and at different rates of testing [117]. The impact of moisture 
content and the environmental conditions on the GFRC of UP have been investigated 
previously [118, 119]. Shokry studied the effect of five temperature levels (25, 50, 100, 
150 and 200 °C) as well as three times of exposure (60, 120 and 180 minutes). The 
experimental results showed that temperature has considerable effect on different 
properties of UP composites. The results of the investigations show that the tensile 
strength, compressive strength and hardness for GFRC of UP decrease proportionally to 
temperature increase [120]. 
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2.5.2 Flame retardancy of GFRC 
As mentioned in Chapter 1, in the GFRC of UP, UP is a more flammable material than the 
glass fibre. The flame retardancy of GFRCs are mainly tested by; i) burning tests and ii) 
combustion toxicology tests [94]. The burning characteristics and the burning rate are 
generally measured by burning tests and the combustion toxicology tests are used for 
measuring the types and quantities of toxic gases that evolve during burning of GFRC. 
Cone calorimetry, UL-94 and LOI tests are generally used to measure the burning 
characteristics of GFRC and a smoke density test is mainly used to measure the 
combustion toxicology of the polymer. From the above tests, the key fire resistance 
properties of GFRC such as ease of ignition, flame spread, ease of extinction, smoke 
obscuration, smoke toxicity, heat release rate and limiting oxygen index are measured. 
 
Polymers of LOI of greater than 26 are termed often as being a self-extinguishing or flame 
retardant. The LOI of GFRC of UP has been reported in literature as 21 %, which 
improves to 25-37% by the addition of 10 to 30 wt. % of flame retardant additives such as 
hydroxyapatite, zinc borate and antimony trioxide [38]. 
 
A UL94 vertical burn test is often carried out on the GFRC to examine the nature of the 
flame spread of the material and the flammability is rated from V0 to V2. To achieve the 
best flame retardancy rating of V0, the burning must stop within 10 s after two applications 
of the igniting flame of 10 s each to a test bar and no flaming drips are allowed [38].  
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Chapter 3: Experimental 
 
The main aim of this research is to improve the flame retardancy of an unsaturated 
polyester resin by blending it with an inherently flame retardant resin such as a phenolic 
resole or novolac, or a melamine formaldehyde resin. The key material, the unsaturated 
polyester (UP) resin, was selected on the basis of the most widely used resin in marine 
applications. The compatibility and flame retardancy of UP with four different types of 
phenolic and melamine formaldehyde resins were tested.  
 
The systems evaluated were:  
a) UP blended with four resole phenolic resin of different functionalities. Four sets of 
blends were prepared with UP in total.  
b) UP-resole phenolic resin blends with added flame retardants (FRs). The FRs used were 
of an organophosphorus (additive) type, namely resorcinol bis (diphenylphosphate) 
(RDP), bisphenol-A-bis (diphenylphosphate) (BADP) and 9, 10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide (DOPO).  
c) UP blended with two chemically modified novolac resins. 
d) UP blended with a melamine formaldehyde resin (MF). 
 
A number of cast resin and glass fibre-reinforced composite (GFRC) laminates were 
prepared from the systems listed above. Methods of sample preparation and experimental 
techniques used to test these are described in this Chapter. 
 
3.1 UP – resole phenolic resin blends (Set I) 
3.1.1 Materials 
3.1.1.1 Unsaturated polyester (UP) 
 Unsaturated polyester resin: Crystic 2-406 PA, Scott-Bader: a pre-accelerated 
(cobalt octoate), phthalic anhydride-based unsaturated polyester resin containing 35 
– 40 wt. % styrene [1]. 
 Catalyst M, Scott-Bader: a free-radical catalyst for UP curing consisting of methyl 
ethyl ketone peroxide dissolved in methyl ethyl ketone [2]. 
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3.1.1.2 Resole phenolic resin (Res-PH) 
 Durez 33166, Sumitomo-Bakelite Europe N.V.: a water-based phenolic resole 
containing 25 – 30 wt. % water [3], hereinafter referred to simply as “PH1”.  
 Durez 33156, Sumitomo-Bakelite Europe N.V.: an ethanol-based phenolic resole 
containing 20 – 29 wt. % ethanol [4], hereinafter referred to simply as “PH2”.  
 Plyophen 223983, Sumitomo-Bakelite Europe N.V.: an isopropanol-based, epoxy-
functionalised phenolic resole containing 16 – 18 % w/w isopropanol and < 6 wt. %  
water [5], hereinafter referred to simply as “PH3”. 
 Methylon75108, Sumitomo-Bakelite N.V. [6]: a solvent-free, allyl- functionalised 
phenolic resole, hereinafter referred to simply as “PH4”. 
 All the materials were used as received. 
 
3.1.1.3 Glass fibre  
 Woven roving glass fibre of E-glass type (290-300 g/m2, Glasplies, UK). 
Composition ofthe cast resins and the GFRC are given in the relevant Chapters. 
 
3.2 UP – resole phenolic resin blends with flame retardants (Set II) 
3.2.1 Materials 
The same materials as mentioned in Section 3.1 were used except for the PH1. The type 
and the level of FR addition were selected based on the earlier research work [7] at Bolton 
and literature precedents. The samples with DOPO have been tried with 10, 15, 20 % and 
the optimum percentage (10% DOPO) was finalised to create void free, smooth surfaced 
and resilient cast resin sample.  
3.2.1.1 Flame retardants (FRs) 
  Resorcinol bis(diphenyl phosphate) (RDP), Chemtura, UK. 
  Bisphenol-A bis(diphenyl phosphate) (BADP), Chemtura, UK. 
 9, 10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO), Tokyo Chemical 
Industry, UK. 
RDP, BADP are added in 20 wt. % of total resin content and DOPO in 10 wt. % of total 
resin content. The composition of cast resins and GFRCs are given in the relevant 
Chapters. 
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3.3 UP – methacrylated novolac phenolic resin blends (Set III) 
3.3.1 Materials 
The materials of UP and the catalyst M in Section 3.1.1.1 were used along with the 
following novolac resin. 
 
3.3.1.1 Methacrylated novolac phenolic resin (M-Nov) 
  A methacrylated novolac resin, prepared by chemically modifying resin Durez   
31459 [8], sourced from Sumitomo Bakelite Europe N.V.  
 
This PhD project is the part of the EPSRC funded project (Novel co-blended polymer 
matrix systems for fire resistant structural marine composites) and the chemically modified 
novolac resin (methacrylated novolac resin of Durez 31459 is M-Nov) was prepared by the 
post-doctoral research fellow, who was working on this project. The details of cast resins 
and the GFRC are given in the relevant Chapters. 
 
3.4 UP – melamine formaldehyde resin blends (Set IV) 
3.4.1 Materials 
The materials of UP and the catalyst M in Section 3.1.1.1 were used along with the 
following melamine formaldehyde resin. 
 
3.4.1.1 Melamine formaldehyde resin (MF) 
 A spray dried resin (MF600) was sourced from Momentive, Albany, New York. The 
resin was dissolved in diethyleneglycol solvent to use in this work, hereinafter, 
referred to simply as MF. 
The cast resins and the GFRC details are given in the relevant Chapters.  
 
3.5 Establishment of curing conditions 
Curing of thermosetting resins is difficult because it involves the interaction between 
chemical kinetics and changes in physical properties [9]. The main physical changes 
occurring during the curing of a thermoset resin are commonly characterised by gelation 
and vitrification [10]. Gelation is the irreversible transformation from a viscous liquid to an 
elastic solid, which marks the first appearance of an infinite network. Vitrification is a 
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reversible transition which is understood as a change from the liquid or rubbery state to the 
glassy state due to an increase in both the crosslinking density and the molecular weight of 
the polymer during the curing process of the material [11]. 
 
The chemical composition of the resin and the extent of cure are the two main parameters 
to decide the end properties of the cured thermoset resin. In order to develop a better 
quality end product, study of the curing behaviour of the resin is an essential and most 
important process. Optimum curing conditions for all the above resins were established by 
studying their curing behaviour with the help of DSC results which will be discussed in 
detail in the Chapters 4, 5, 7 and 8 respectively. 
 
 After establishment of optimum curing conditions for all the resins, samples of cast resins 
and of GFRC laminates were prepared. 
 
3.6 Cast resin preparation 
3.6.1 UP 
A sample of cured UP resin was prepared by mixing 60 g resin with 2 wt. % of catalyst M 
with a mechanical stirrer ((IKA_ RW 16 overhead electric, four bladed propeller stirrer) in 
a 100 mL beaker for 5 min. 11 g of this mixture was then poured into a 55 mm diameter 
circular aluminium open mould to a depth of 3 mm. The specimen was then allowed to 
cure at room temperature for 24 h and postcured at 80 ˚C in an oven for 4 h. 
 
3.6.2 Res-PH, M-Nov and MF 
Samples of resole phenolic resins (PH1, PH2, PH3 and PH4) were directly transferred to 
55 mm diameter moulds, to depths of 3 mm followed by a cure and post cure by increasing 
the temperature slowly up to 200 ˚C; detailed curing conditions are given in Chapter 4, 
Section 4.2. M-Nov and MF resins were similarly prepared, i.e., first a formulation  was 
prepared by adding appropriate solvent/catalyst and then transferred to a mould and cured 
using similar curing conditions as UP and the detailed results of established curing 
conditions are given in Chapter 7, Section 7.4 and Chapter 8, Section 8.2. 
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3.6.3 UP/Res-PH, UP/M-Nov and UP/MF 
Appropriate quantities of UP and phenolic resin/FR/M-Nov and MF600b, were mixed with 
a mechanical stirrer (IKA_ RW 16 overhead electric, four bladed propeller stirrer) at high 
shear (900 rpm) in a 100 ml beaker for 15-20 min (until a homogeneous solution was 
formed). In order to produce samples without bubbles, which could be caused by the 
trapped air, the resin was degassed under vacuum for 10 min. Then the required quantity of 
catalyst M (2 wt. % with respect to UP) was added to the resin mixture which was then 
stirred for a further 10 min. The resulting resin was finally transferred to 5.5 cm diameter 
moulds (depth 3 mm), cured, and then post-cured by increasing the temperature gradually 
up to 200 
o
C. The details of the samples and the curing conditions are discussed in 
Chapters 4, 5, 7 and 8 respectively.  
 
3.7 Glass fibre reinforced composite laminates preparation   
The PH1 (water based) system was used only for comparison study, hence not used for 
composite preparation. UP/PH2, UP/PH3 and UP/PH4, were selected for the composite 
laminate preparations for the samples of Set I. 
 
The glass fibre-reinforced unsaturated polyester resin composite laminates were prepared 
by using 500 mm x 500 mm x 12 mm sized aluminium square plates, coated with a release 
agent, to enable easy removal of the cured laminate. Eight layers of E-glass fabric of size 
300 mm x 300 mm were used in GFRC preparation by wet hand lay–up method. The glass 
fabric with resin was used 1:1 by weight. Each layer of fabric was impregnated with the 
resin/resin mixture (prepared as explained in Section 3.6) by using the roller. All eight 
layers were stacked together to form a consolidated wet laminate. Then the sealant tape 
was placed around all sides of the wet laminate to prevent the leakage of the resin at high 
temperature. The top mould was positioned on the wet laminate and then covered with a 
breather fabric, which allows the vacuum to penetrate and also helps in the removal of 
volatiles/by products given out during the curing of resin (see Figure 3.1). A vacuum valve 
was fitted over it, and connected through a hose to the vacuum controller. The whole 
arrangement was sealed using a nylon vacuum bag. The bag was then was placed inside the 
vacuum oven at 1 bar pressure and cured under the same conditions as that of cast resins. 
The details of the composite laminates are reported in the relevant Chapters. The GFRC of 
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pure resole phenolic resins could not be prepared because of their low viscosities at high 
temperatures which led to too much of leak-out when curing. 
 
 
Figure 3.1 Preparation process for GFRC laminate from pure UP and co-blended 
resins by hand lay-up and vacuum bagging technique 
 
3.8 Experimental techniques 
3.8.1 Cast resin characterisation 
3.8.1.1 Differential scanning calorimetry (DSC) – Curing behaviour study 
In this research, a DSC Q2000 was used to test samples (2-10 mg) at a heating rate of 5 
˚C/min within the range of 30-350 ˚C under a flow of 50 ml/min nitrogen gas into the DSC 
cell. Hermetically sealed aluminium pans with a pin hole have been used in this work, to 
ease the pressure inside the pan due to the evolution of by-products when curing the 
phenolic resin. 
 
3.8.1.2 Dynamic mechanical thermal analysis (DMTA) – Compatibility study 
A DMA Q800 was used to test the samples using a single cantilever clamp and multi-
frequency-strain experiment set up (0.1 % strain and 1 Hz frequency). The test specimen 
was clamped between the movable and stationary fixture of the single cantilever clamp and 
vi) Composite                                      
laminate 
i ) Resin blending ii) Resin spread iii) Resin                
impregnation 
iv) Sealant tape  
application 
v)  Vacuum bag 
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was placed in an enclosed thermal chamber. The specimen of size 17.5 x 13 x 3 mm was 
heated at 5 ˚C/min within the range 30-350 ˚C. Tan δ, storage modulus and loss modulus 
were measured and recorded. In this work, the temperature at the peak on the Tan δ curve 
was taken as the Tg of the material. Tg measured by DMTA may differ from the value 
determined by DSC because in DSC, Tg is measured as a onset or step change in the heat 
flow curve (greater uncertainity in the measuring Tg  because the measurement  relies on the 
ability to accurately define baselines and tangents surrounding the transition) and in 
DMTA the Tg is measured as a peak maximum of Tan δ curve.              
 
DMTA mainly measures the visco elastic behaviour, curing behaviour and glass transition 
temperature (Tg) of thermoset resins. In blended polymers, the compatibility between the 
components can also be determined by DMTA. Generally, DMTA plots the storage 
modulus, loss modulus and damping coefficient (Tan δ) as a function of temperature. The 
storage modulus is used to measure the elastic behaviour of material and the loss modulus 
is used to measure the viscous behaviour of the material. The ratio of the loss to the storage 
modulus is called the damping coefficient (Tan δ) of the material. 
 
3.8.1.3 Scanning electron microscope (SEM) – Morphology study  
A Hitachi S-3400N SEM was used to examine coated fracture surfaces. Small samples of 
cured, cast resins were fractured in simple bending experiments and the fractured surfaces 
were gold coated using a Polaron Range SC7620 Sputter Coater with 60 s plasma exposure 
to make the sample electrically conductive. Once the sample was properly prepared, it was 
placed inside the sample chamber and a high vacuum and voltage (5 keV) applied. The 
dispersion of flame retardants in the resins was also examined by SEM.  
 
3.8.1.4 Infrared attenuated reflection spectroscopy (IR-ATR) – Structural 
characterisation  
Infrared spectra were acquired using an IR-ATR, Nicolet iS10 (Thermo Scientific) with a 
Smart ITR attachment used with single reflection diamond crystal. The background 
emission spectrum of the IR source was first recorded before testing the sample. Then the 
sample was tested and the recorded sample spectrum was collected. From the resultant 
absorption spectrum of the sample, the various chemical bonds and functional groups 
present in the functional groups present in the sample were identified in the wave number 
range 4000 – 400 cm-1.  
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3.8.1.5 Thermogravimetric analysis (TGA) – Thermal analysis 
Differential thermal analysis (DTA) and thermogravimetric analysis were performed 
simultaneously on a combined DTA-TGA SDT2960 TA instrument on all cured samples 
of pure UP, Res-PH, M-Nov and MF resins and their blends. The experiments were 
conducted from room temperature to 900 ºC using 10-12 mg samples heated at a constant 
heating rate of 10 ºC/min under air or nitrogen with flow rate 100 ml/min + 5 ml/min. For 
each sample two test specimens were used. For example, Figure 3.2 shows typical TGA, 
DTG and DTA curves of cured UP in air. From Figure 3.2, it can be seen that UP has two 
stages of mass loss. Furthermore, the exothermic DTA peaks indicate the release of heat 
energy during the thermal degradation process of cured UP resin. 
 
 
Figure 3.2 TGA –DTG-DTA curves for cured UP resin in air 
 
3.8.1.6 Evolved gas analysis by TGA-FTIR – Thermal analysis 
For selected samples, the SDT 2960 simultaneous thermogravimetric analyser was linked 
to a Nicolet Smart iTR iS10 FTIR spectrophotometer for the analysis of gases evolved 
during decomposition. The time for the evolved gases from the TGA furnace to reach the 
gas cell of FTIR was calculated as 37 seconds approximately. 
  
TGA 
DTA
DTG
I stage 
II stage 
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3.8.1.7 Limiting oxygen index (LOI) – Flammability study 
Limiting oxygen index (LOI) is a one of the widely used techniques to measure the 
flammability of the polymer material under controlled atmospheric conditions. The oxygen 
index is defined as the minimum amount of oxygen required to just sustain burning. The 
condition at which the sample just burnt like candle is used to determine the LOI value of 
that particular sample [12]. It can be expressed by the following equation (3.2), 
                                                       LOI = [O2]/ ([N2] + [O2])                        (3.2) 
where, [O2] and [N2] are the concentrations of oxygen and nitrogen, respectively. In this 
dissertation, limited oxygen index (LOI) is used to test the cured cast resin samples only 
and not for glass fibre- reinforced composites (GFRC). 
 
A fire testing technology (FTT) model apparatus equipped with an oxygen analyser was 
used for this test. Three test specimens for each formulation were tested. LOI tests are 
carried out according to BS EN ISO 4859-2 [12] with the sample size of 55 mm x 6.5 mm 
x 3 mm.  
 
3.8.1.8 Cone calorimetry – Flammability study  
The basic principle behind cone calorimetry is that the amount of oxygen consumed during 
the combustion of polymeric material is proportional to the amount of heat released [13, 
14]. 
 
The flammability and the fire performance of cast resin samples and GFRC composite 
laminates samples were evaluated by a cone calorimeter (Fire Testing Technology, UK) in 
accordance with ISO 5660 [14]. The circular cast resin samples of 55 mm diameter with a 
3 mm thickness were used in this test. Whereas, for composite laminates 75 mm x 75 mm 
square specimens with a thickness of approximately 2 to 3 mm were used.  Before testing, 
the bottom surface and the edges of the samples were wrapped with aluminium foil to 
ensure that only the top surface would be directly exposed to the heat source. A minimum 
of three tests was performed for each formulation by exposing them to 50 kW/m
2
 (real fire 
scenario) incident heat flux [14] in the horizontal mode with an ignition source. The 
different parameters of the flammability test were recorded, included time to ignition 
(TTI), heat release rate (HRR), peak heat release rate (PHRR), time to peak heat release 
rate (TPHRR), total heat release (THR), effective of combustion (EHC), total smoke 
released (TSR), CO % ,CO2 %  and mass loss (%).  
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In previous work in our laboratories a comparative study of the round and square samples 
has been undertaken to study the possible variation of results [7]. Based on the study, it has 
been shown that there was no change in cone calorimeter results such as PHRR, THR, 
EHC and TSR observed by changing the area of samples from 10000 mm
2
 (100 x 100 mm 
sample size for standard cone test) to 23.75 cm
2
 for round samples with a diameter of 55 
mm and 5625 mm
2
 for square samples (75 x 75 mm size). Moreover, these results are used 
to compare with the results of control samples, hence change of sample size is not 
important. 
 
3.8.2 Composite laminate characterisation 
3.8.2.1 UL-94 test – Flammability study 
A standard method UL-94 (ISO 1210), using an UL-94 apparatus as specified by the 
Underwriters Laboratories, was used to classify the GFRC samples according to their 
flame retardancy when exposed to a standard open flame. In the vertical UL-94 testing 
mode, specimens are exposed to a flame (20 mm height) generated from a methane gas 
burner with a gas flow rate of 105 ml/min for 10 s. Following the withdrawal of the flame, 
the time taken before the specimen self-extinguishes, t1, is recorded. The specimen is re-
ignited and the burning time, t2 is recorded. Average results of three tests for each sample 
are reported. The dripping from the sample is identified by the cotton.   
 
The samples are classified on the basis of standard criteria conditions. If the sample self-
extinguishes within 10 s after each ignition and no dripping is observed, the sample is 
classified as V-0. If it self-extinguishes within 30 s with no dripping then the sample is 
classified as V-1, however if there is dripping observed, it is classified as V-2. However, if 
the sample burns completely, it is classified as “failed”.  
In the horizontal test, the sample is supported horizontally and its free end is subjected to a 
calibrated flame of 20 mm height for 30 s. The sample is marked off at 25 mm and 100 
mm from its exposed end, to enable measurement of the burning length. After the flame 
passes the 25 mm mark, the time is recorded until the flame reaches the 100 mm mark. The 
burning rate can be generally expressed by the following equation (3.3), 
 
   
    
  
                                                               (3.3)   
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 where V is the burning rate in mm/min, L is the length of the sample in mm and t is the 
time of burning for the middle 75 mm of the sample in seconds. Selected GFRC laminates 
were tested and classified on the basis of UL-94 test results. 
 
3.8.2.2 Flexural testing (three point bending test)  
The flexural moduli of the GRFC laminate specimens (150 mm × 20 mm × nominal 
thickness ∼ 3.0 mm) were measured in three-point bending mode using a 100 N load cell 
attached to a Universal Instron 3369 tensiometer. The span length between the supports 
was 100 mm and on the midpoint the 100 N load was applied. The specimens were tested 
in the displacement-controlled mode (i.e., crosshead speed of 1 mm/min) with the load–
deflection data electronically captured and produces load vs. displacement curves. One of 
the specimens is attached with 120 ohm strain gauge to find the strain and displacement 
accurately. The data logger is used to record the displacement/strain. Results reported are 
an average of three tests for each of the samples investigated. The average flexural 
modulus (E) of the samples was calculated using the three point bending formula [16]: 
                                                                                                                      (3.4) 
Where, F is the applied load and s is the displacement, L is the span length, b and h are the 
width and thickness of samples, respectively.  
 
3.8.2.3 Tensile testing  
The tensile strength of the GRFC specimens (150 mm x 20 mm x nominal thickness 
∼ 3.0 mm) were measured in tensile mode using the 50 kN load cell attached to a 
Universal Instron 3360 tensometer. The specimens were tested in the displacement–
controlled mode (i.e., crosshead speed of 1mm/min) with the load–deflection data 
electronically captured. To one of the specimens of each sample a 120 ohm strain gauge 
was attached to accurately measure the strain and displacement using a data logger. Results 
reported are averages of three tests for each of the samples investigated. 
 
The average tensile modulus (E) of the samples was calculated using the following 
formulae: 
                                                      Stress,                                                        (3.5) 
3
3
4sbh
FL
E 

area
load

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                                                         Strain,                                                           (3.6) 
                                         Tensile modulus,                                                         (3.7) 
where, dl is the change   in length and l is the original length.  
 
3.8.2.4 Impact testing  
The impact moduli of the GRFC laminate specimens (75 mm × 75 mm × nominal 
thickness ∼ 3.0 mm) were measured on an Instron Dynatup instrument with 100 mm 
falling height with 1.02 kg weight. A minimum of three tests were performed for each 
formulation. 
 
The drop weight of 1.02 kg was attached with a hemispherical shaped tup of 16 mm 
diameter dropped from a height of 100 mm on to the surface of the sample fixed by 
clamps. When the tup is released, it hits the specimen with an impact velocity of 1.38 m/s 
with the impact energy loading of 1 J. From the raw data and from the energy–time curves, 
the impact modulus of the sample is calculated using the following formula [17], 
                                Impact modulus    
  
    
                                                       (3.8) 
Where, D is the diameter of the hole of the sample holder, t is the thickness and K is the 
stiffness. From the digital images of the tested sample, the damaged area was measured 
and compared with that of the control sample. 
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Chapter 4: Unsaturated polyester - resole phenolic blends 
 
In this chapter, the effects of co-curing blends of unsaturated polyester (UP) with 
inherently fire-retardant and char-forming phenolic resoles (Res-PH) on the thermal 
stability and fire retardancy of the resulting resins have been investigated. To overcome the 
challenge of UP/Res-PH incompatibility, arising from their different chemical structures 
and curing mechanisms (radical vs. condensation), different phenolic resoles have been 
used: ethanol-soluble (PH2), epoxy-functionalised (PH3), and allyl-functionalised (PH4). 
A traditional water-based resole (PH1) has also been used to give a reference non-
compatible system.  
  
4.1 Curing behaviour study by DSC  
4.1.1 Unsaturated polyester resin (UP) 
The DSC tests on uncured resins have been conducted to study the curing behaviour of 
resins such as temperature range for curing, cure peak temperature, percentage of curing 
etc. The curing reaction is always an exothermic reaction which releases heat during the 
reaction takes place. In DSC curves of uncured resins, the onset temperature (Tonset) of 
curing is the starting point at which an exothermic curing curve starts and the finish 
temperature (Tfinish) is the temperature at which the curing curve ends. Tpeak is the 
temperature of the peak maximum in the curing curve of DSC. Additionally, the 
endothermic curves are mainly formed by the processes such as volatilisation of solvents 
and the evolution of by-products [1]. This information from the DSC curves of uncured 
resins can be used to establish the curing conditions for neat resins, co-blended resins and 
composites. In addition, it can also be used to study the compatibility of the component 
resins in the blends.  
 
As an example, the establishment of curing conditions for UP is discussed here. The DSC 
of uncured UP in Figure 4.1 uncured shows an exothermic curing reaction of the resin 
starting at room temperature and peaking at 82 
o
C (Tpeak) with 282 J/g heat release. The 
heat of the curing reaction is derived from the area under the curve. The Tonset of UP is 30 
o
C and the Tfinish is 146 
o
C (see Figure 4.1 uncured). The Tonset suggests that UP resin can 
be cured at room temp and then post cured at 80 
o
C (curing peak temperature of UP) with a 
radical initiator called methyl ethyl ketone peroxide (2 % wt. of UP). 
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Figure 4.1 DSC curves of uncured, cured, and post-cured UP resin 
 
Based on this information and also that supplied by the manufacturer, a sample was cured 
at room temperature for 24 h (details given in Table 4.1) and the DSC of the cured sample 
was conducted again and is shown in Figure 4.1 Cured
1
. A small exothermic peak has been 
observed, which implies that UP is not completely cured. The percentage of curing can be 
calculated by using the following equation, 
 Percentage of cure = Heat release for uncured – Heat release for cured resin x100      (4.1)                   
      Heat release for uncured resin 
The percentage of curing has been calculated after 24 h of curing as 87 %, calculations are 
given below: 
        Percentage of cure = 282-37/282*100 = 87 % 
The cured UP sample was post cured at 80
 o
C for 4 h and after post curing, the DSC curve 
showed a single flat line (Figure 4.1 Postcured
2
), which indicates it is completely cured, 
i.e.100 % curing.  
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 Table 4.1 DSC curve analysis of UP, UP/Res-PH blends and Res-PH 
Sample ID 
Endotherm curve (
o
C) Exotherm curve (oC) 
                 Tpeak Tonset Tpeak Tfinish 
UP _ 30 82 146 
UP/PH1:70/30 79,101,132 178 218 260 
UP/PH1:50/50 74 139 189 240 
PH1 106 175 242 286 
UP/PH2:70/30 118 151 194 213 
UP/PH2:50/50 117 162 188 209 
PH2 99 123 139 158 
UP/PH3:70/30 118 138 201 233 
UP/PH3:50/50 141 149 188 232 
PH3 74 99 173 257 
UP/PH4:80/20 _ 159 226 281 
UP/PH4:70/30 _ 170 223 265 
UP/PH4:60/40 _ 165 222 264 
UP/PH4:50/50 _ 158 220 253 
PH4 _ 180 230 285 
 
Note: ‘_’ indicates samples does not have endotherm peak. 
           UP/PH4:80/20 indicates 80 wt.% of UP and 20 wt.% of PH4 in the blend. 
 
4.1.2 Resole phenolic resin (Res-PH) 
Resole phenolic resins, like UP, typically show an exothermic peak upon curing. However, 
this peak appears at higher temperature than that for UP (see Figure 4.2). Moreover, the 
interpretation of the DSC curves is more complex for resole phenolic resin than for UP as 
polycondensation produces both water and formaldehyde, which evaporate 
endothermically and the endothermic peak is very sharp and intense. 
 
Figure 4.2 a) shows the dynamic DSC curves of uncured and cured PH1 resin. From the 
Figure 4.2 a) Uncured PH1, a narrow, deep and sharp endothermic peak is seen at 106 
o
C 
(Tpeak) indicating the evaporations of water molecules from the resin (water based PH1) 
and the by-products of the poly condensation reaction curing [2-6]. Unlike UP, the 
endothermic peak of uncured PH1 is followed by small and a broad exothermic curing 
peak at 242
 o
C (160 
o
C higher than the peak temperature of 82 
o
C of UP) which has the 
Tonset at 175 
o
C and Tfinish around 286 
o
C. The flat line in the Figure 4.2 a) Cured PH1 
indicates that the curing of PH1 has been completed (100 % cured) and the cured PH1 
samples were fully cured at the curing conditions of 80 ˚C for 24h and 160 ˚C 3 h.  
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Figure 4.2 DSC curves of uncured, cured and post-cured for a) PH1, b) PH2, c) PH3 
and d) PH4 resins 
 
The DSC curves of PH2 are shown in Figure 4.2 b). Similar to uncured PH1, the uncured 
PH2 also shows that the endothermic curve peak is at 99 
o
C followed by the exothermic 
curing peak at 139 
o
C. In addition, there is a difference of 57
 o
C between the UP curing 
peak temperature to PH2 curing peak temperature. The curing conditions for the cured PH2 
is 50˚C for 6 h, 80 ˚C for 12 h and 160 ˚C 3 h. The post-cured PH2 samples were cured at 
the post –curing conditions of 180 ˚C for 2h. 
 
The DSC trace of PH3 (Figure 4.2 c) Uncured PH3) clearly shows broad endothermic peak 
at 74
 o
C indicating the evaporation of iso-propanol solvent and formaldehyde as a by-
product of poly condensation curing. The exothermic curing reaction of PH3 starts at about 
¬100 
o
C (Tonset) and is complete at about 257
 o
C (Tfinish). It has Tpeak at 173 
o
C which is 91 
o
C higher than that of UP ( see Figure 4.2 c) Uncured PH3). 
 
The DSC trace of PH4 (Figure 4.2 d) Uncured PH4) clearly shows that the exothermic 
starts at about 180 
o
C and is complete at about 280 
o
C, with a total heat release of 231 J/g.  
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The curing conditions for the cured PH4 sample is 100 ˚C for 8 h, 120 ˚C for 6 h, 130 ˚C 
for 6 h and 150 ˚C for 2 h. The post-curing conditions for the post-cured PH4 sample is 
180 ˚C for 2 h and 220 ˚C for 3 h.  The onset of curing for PH1, PH2 and PH3 is not as 
clear as it is for PH4 as the large endothermic peak of the water/solvent evaporation masks 
the exothermic signal. However, all the four resole phenolic resins require temperatures as 
high as 190 
o
C in order to be fully cured (see Section 4.2). 
 
4.1.3 Unsaturated polyester/resole phenolic resin blends (UP/Res-PH) 
The DSC curves of uncured and cured resins of UP/Res-PH blends are given in Figure 4.3 
a)-h). The DSC curves of uncured UP/PH1:70/30 and UP/PH1:50/50 show the  
overlapping of several peaks such as the endothermic process arising from the evaporation 
of the water from PH1, the water and formaldehyde produced upon the curing of the PH1 
and the exothermic processes involved in the curing reactions of both UP and PH1. In 
UP/PH1:70/30, UP/PH1:50/50 the exothermic peaks are at 218
 o
C and 189 
o
C respectively, 
whereas in neat PH1 it is at 242 
o
C (higher than in blends).  
 
However, for UP/PH1 blends, curing conditions used are very similar to the ones used for 
PH1, in order to cure the PH1 component of the blend completely. From Figure 4.3 b), the 
DSC curves of cured UP/PH1:50/50 at different conditions can be seen. The 
UP/PH1:50/50 resin blend was first cured at 50 
o
C 6 h, 80 
o
C 12 h conditions, curve of 
Figure 4.3b) UP/PH1:50/50-a shows that it is not fully cured. Then the UP/PH1:50/50 
blend sample was cured at 120 
o
C
 
4 h (see Figure 4.3 b) UP/PH1:50/50-b).  Then the 
sample was post cured at 160 
o
C for 4 h to get the sample completely cured (see Figure 4.3 
b) UP/PH1:50/50-c)).  
 
The details of the endothermic and exothermic curves of UP/Res-PH blends are reported in 
Figure 4.3 c) and Table 4.1. The DSC curves of uncured resin of UP/PH2:70/30 and 
UP/PH2:50/50 show exothermic peak at 194
 o
C, 188
 o
C respectively. Whereas in pure 
PH2, the exothermic peak is at 139 
o
C (lower than in blends). The increase in PH2 content 
leads to the shifting of exothermic Tpeak to lower temperature (see Figure 4.3c)). The flat 
line in the Figure 4.3d) for cured UP/PH2:50/50 indicates that the UP/PH2:50/50 blend is 
completely cured. The curing conditions used for the blends are similar to the ones used 
for PH2 (80 ˚C 24 h, 100 ˚C 1 h, 130 ˚C 1 h, 160 ˚C 1 h, 180 ˚C 2 h).  
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Figure 4.3 DSC curves of uncured UP/resole blends of a) UP/PH1, c) UP/ PH2, e) 
UP/PH3, g) UP/PH4 resin, and for uncured and cured blended samples of b) UP/PH1, 
d) UP/PH2, f) UP/PH3, h) UP/PH4 
 
Figure 4.3e) shows the DSC curves of uncured UP/PH3:70/30 and UP/PH3:50/50. Similar 
to UP/PH2 blends, the blends of UP/PH3:70/30 and UP/PH3:50/50 show increase in 
exothermic Tpeak (201
 o
C, 188 
o
C)   when compared with the exothermic Tpeak temperature 
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of neat PH3 (173 
o
C). But both blends are cured under the similar conditions of PH3 
curing conditions. The flat line in the Figure 4.3f) Cured UP/PH3:50/50 indicates that the 
UP/PH3:50/50 blend is completely cured and  the curing conditions are 50 ˚C 6 h, 70 ˚C 8 
h, 80 ˚C 8 h, 100 ˚C 6 h ,130 ˚C 2 h, 160 ˚C 2 h . 
 
The UP/PH1, UP/PH2 and UP/PH3 blends have shown DSC curves of similar trend, the 
endothermic curves followed by exothermic curve. All resin blends are completely cured 
at 180 
o
C which is the temperature at which the pure resoles (PH1, PH2 and PH3) are 
completely cured. This suggests that the two networks (UP and PH1/PH2/PH3) are not 
interacting with each other chemically in any way as the curing conditions required to fully 
cure do not change. Moreover, the DSC curves of UP/PH4 blends (Figure 4.3g)) are much 
clearer than those of UP/ PH1, UP/PH2 and UP/PH3 (UP/PH4 do not contain 
water/solvent in it). The DSC curve of uncured UP/PH4:70/30 blend (Figure 4.3g)) show 
several peaks, a first large exothermic peak, which can be assigned to the radical curing 
reaction of UP (106 J/g) and a second large peak maximum at 226 
o
C assigned to the 
curing of PH4. A third very small peak can also be observed peaking around 170-180 ˚C 
with a total heat release of 31 J/g. Such a peak was found neither in the DSC curve of the 
uncured PH4 (performed without a radical initiator) nor in that of UP. This suggests that a 
new reaction is occurring which most probably involves radical reactions of the allyl 
groups of the PH4 [2, 7]. This suggests an interaction between the two networks in 
UP/PH4 blended resin. Moreover, the blended resin was completely cured at 190 ˚C, 
whereas 100 % curing in phenolic resin could only be achieved by post curing up to 230 
˚C (Figure 4.3h)). Tpeak values for the second exothermic peak for all the blends of 
UP/PH4:80/20, UP/PH4:70/30, UP/PH4:60/40 and UP/PH4:50/50 are listed in Table 4.1. 
The Tonset and Tfinish temperature of the second exothermic peaks in the UP/PH4 blends are 
shifted to lower temperature than in DSC curve of neat uncured PH4. 
 
The difference in curing temperatures of UP and Res-PH, as highlighted by DSC, is 
certainly one of the aspects of incompatibility of these two types of resin. However, both 
resins display the characteristic of thermal curing and, in principle, if miscibility can be 
improved, the two crosslinked networks should form an interpenetrated polymer network 
(IPN) in which the polymers are intimately entangled without mutual cross-linking. 
Miscibility can be improved chemically by adding a co-solvent (PH2) or some 
functionality (PH3 and PH4), but it also heavily depends on the processing conditions.  
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4.2 Establishment of curing conditions for UP, Res-PH and UP/Res-PH 
blends 
As mentioned above, due to two different curing mechanisms, the establishment of curing 
conditions for the above resins to get a good quality of cast resin without voids was the one 
of the most challenging processes (see Figure 4.4 a) - d)). In order to develop the curing 
conditions for the resins, the DSC tests were carried out on all the uncured resins as 
discussed above. From the DSC results, the difference in curing mechanisms of UP, Res-
PH and UP/Res-PH blends, such as range of curing temperatures, maximum temperature 
of curing  and the curing rate were studied. Then the DSC results were taken as guidance 
points to establish the optimum curing conditions for the cast resin samples are listed in 
Table 4.2. In order to get a cast resin of good sample without voids (see Figure 4.4 d)), 
several curing conditions were tried along with the guidance of DSC results and other 
factors, such as type of solvent present in the resin, type of by-products coming out during 
curing, rate of curing, etc. 
 
For an example, based on DSC results ((Tonset of 180 ˚C, Tpeak of 230 ˚C) of the 
uncured PH4 resin, PH4 resin was first started with the curing conditions of 180 ˚C 8 h, 
230 ˚C 4 h at 5 ˚C/min heating rate and the image of the resultant cured cast resin PH4 has 
shown in Figure 4.4 a). The PH4 resin becomes foamed during curing, because of a sudden 
rise in temperature from room temperature to 180 ˚C with the fast heating rate of 5 ˚C/min 
and there was not enough time for the by-products (water and the formaldehyde) to escape 
from the resin during curing. Then the PH4 resin was tried with new curing conditions of 
100 ˚C 6 h, 180 ˚C 8 h, 230 ˚C 2 h at 3 ˚C/min (the boiling temperature of the water  (100 
˚C) was kept in mind the heating was carried out at a reduced heating rate). Figure 4.4 b) 
indicates the image of the cured PH4 resin cured at 100 ˚C 6 h, 180 ˚C 8 h, 230 ˚C 2 h at 
3 ˚C/min and it was noticed that the direct rise in temperature from 100 ˚C to 180 
˚C causes the bubble formation in the cast resin. In order to avoid the voids, the curing 
condition of 100 ˚C 8 h, 150 ˚C 2 h, 180 ˚C 2 h, 220 ˚C 3 h was tried and the cured PH4 
resin image has shown in Figure 4.4 c)). Then finally the curing conditions of 100 ˚C 8 h, 
120 ˚C 6 h, 130 ˚C 6 h, 150 ˚C 2 h, 180 ˚C 2 h, 220 ˚C 3 h was tried on PH4 resin curing to 
get a void free, neat smooth surfaced PH4 cast resin (by introducing more stepped wise 
increases in temperature) (see Figure 4.4 d)).  
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Figure 4.4 Cured cast resin samples of PH4 resin from different curing regimes 
 (see text description of these) 
 
Finally, the curing conditions in the Table 4.2 were established by a process of trial and 
error to produce uniform samples by the following steps: (a) initial evaporation of any 
solvent prior to significant cure (so as not to produce voids in the final cured product), (b) 
the relatively low temperature radical curing/co-curing stage for the UP, (c) the final higher 
temperature co-condensation of any residual methylol groups in the resole and, in so-
doing, to obtain a rigid, visibly homogeneous product with optimised physical and 
mechanical properties [2]. 
 
Table 4.2 Curing conditions for UP, UP/Res-PH and Res-PH resin 
Sample Curing conditions (oC, h) 
UP RT 24 h, 80 ˚C 6 h 
UP/PH1:70/30 50 ˚C 6 h, 80 ˚C 24 h, 160 ˚C 3 h 
130 ˚C 1h, 160 ˚C 1h UP/PH1:50/50 50 ˚C 6 h, 80 ˚C 24 h, 160 ˚C 3 h 
PH1 80 ˚C 24h, 160 ˚C 3 h 
UP/PH2:70/30 50 ˚C 6 h, 80 ˚C 24 h, 90 ˚C 9 h , 130 ˚C 1 h, 160 ˚C 1 h, 180 ˚C 2 h 
UP/PH2:50/50 80 ˚C 24 h, 100 ˚C 1 h, 130 ˚C 1 h, 160 ˚C 1 h, 180 ˚C 2 h 
PH2 50˚C 6 h, 80 ˚C 12 h, 160 ˚C 3 h, 180 ˚C 2h 
UP/PH3:70/30 50 ˚C 6 h, 70 ˚C 8 h, 80 ˚C 8 h, 100 ˚C 6 h ,130 ˚C 2 h, 160 ˚C 2 h 
UP/PH3:50/50 50 ˚C 6 h, 70 ˚C 8 h, 80 ˚C 8 h, 100 ˚C 6 h ,130 ˚C 2 h, 160 ˚C 2 h 
PH3 50 ˚C 6 h, 70 ˚C 8 h, 80 ˚C 8 h, 100 ˚C 6 h ,130 ˚C 2 h, 160 ˚C 2 h 
UP/PH4:80/20 50 ˚C 6 h, 80 ˚C 12 h, 100 ˚C 8 h ,120 ˚C 6 h, 130 ˚C 6 h, 150 ˚C 2 h, 180 ˚C 2h 
UP/PH4:70/30 50 ˚C 6 h, 80 ˚C 12 h, 100 ˚C 8 h ,120 ˚C 6 h, 130 ˚C 6 h, 150 ˚C 2 h, 180 ˚C 2h 
UP/PH4:60/40 50 ˚C 6 h, 80 ˚C 12 h, 100 ˚C 8 h ,120 ˚C 6 h, 130 ˚C 6 h, 150 ˚C 2 h, 180 ˚C 2h 
UP/PH4:50/50 50 ˚C 6 h, 80 ˚C 12 h, 100 ˚C 8 h ,120 ˚C 6 h, 130 ˚C 6 h, 150 ˚C 2 h, 190 ˚C 2h 
PH4 100 ˚C 8 h, 120 ˚C 6 h, 130 ˚C 6 h, 150 ˚C 2 h, 180 ˚C 2 h, 220 ˚C  3 h 
 
In the case of UP/Res-PH blends, to develop miscibility between the resins to form an 
interpenetrated polymer network (IPN) by which the polymers are intimately entangled 
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without mutual cross-linking, the blends have been mixed by high-shear mechanical 
stirring, to ensure intimate mixing of the polymers, and purposely cured at a very low-
heating rate, in order to avoid large quantities of water and formaldehyde being evolved 
rapidly during curing. Slow evolution of water and formaldehyde is important as water 
release especially is probably partly responsible for phase separation in UP/Res-PH blends 
since water is incompatible with styrene (the UP crosslinking monomer). However, if the 
water is produced slowly, it may evaporate before reaching a level so high as to aggravate 
such phase separation. Moreover, phenolic resins are prone to void formation during 
curing arising from the water and formaldehyde released during curing. During slow 
curing, these products are produced more slowly and can therefore evaporate without the 
creation of voids.  
 
4.3 Structural characterisation of cured cast resins by IR-ATR  
Structural characterisation of cured cast resins was carried out by IR-ATR spectroscopy. 
Characterisation by IR-ATR was inconclusive due to overlapping peaks in different resole 
types, in UP and hence also in their blends with UP.  
 
For example, PH3 (epoxy-modified resole) and UP/PH3 blends show bands at around 800, 
900 and 1200 cm
-1
 (C–O stretching) characteristic of epoxy rings (see Figure 4.5). 
However, resoles themselves have bands in these regions, especially 1200 cm
-1
, owing to 
the presence of ether links and methylol groups in resoles. PH4 has an IR band at ca. 1680 
cm
-1
 which is a band expected for a C=C double bond in materials containing –CH=CH2 
groups (indicates presence of allyl group) [2].  This band is absent in UP and in the other 
phenolics. In UP/PH4 blends, this band is reduced in intensity, which is to be expected for 
a blend of the two materials (see Figure 4.6). However, it is not possible to determine 
whether any of this reduction arises from a reaction between the two resin components.  
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Figure 4.5 ATR spectra of UP, PH3 and UP/PH3:50/50 cured cast resins 
 
 
Figure 4.6 ATR spectra of UP, PH4 and UP/PH4:50/50 cured cast resins 
 
4.4 Compatibility study between the resins in UP/Res-PH blends by 
DMTA 
DMTA was performed on all cast resin samples. The variation of the storage modulus with 
temperature was used to confirm the curing of the cast resins and Tan δ was used to 
determine the glass transition temperature (Tg) of the cured pure resins and blends and the 
values are reported in Table 4.3. The resin with higher Tg value and a slow decrease of the 
UP
UP/PH3:50/50
PH3
UP
UP/PH4:50/50
PH4
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storage modulus shows an important aspects of the resin, that it can retain its mechanical 
integrity to a higher temperature and it can go through higher processing temperature. The 
Tan δ vs. Temperature curve is used to explore the compatibility of the blends [2]. 
 
4.4.1 Tan Delta 
Figure 4.7 shows the Tan δ curves of UP, UP/Res-PH and Res-PH. All pure resins display 
a single Tg. All resole phenolic resins, as expected have much higher Tg than UP (Figure 
4.7). The Tg values of blends are in between the values of individual resins. 
 
 
Figure 4.7 Tan δ vs. temperature curves of cured UP, Res-PH and UP/Res-PH blends 
of a) PH1 b) PH2, c) PH3 and d) PH4 resin, and e)  neat UP and Res-PH 
 
In Figure 4.7 e), UP, PH1, PH2 and PH4 display Tg values 92 ˚C, 240 ˚C, 269 ˚C and 285 
˚C respectively. On the other hand, PH3 displays a Tan δ with a maximum at 226 ˚C, and a 
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shoulder at much higher temperature. Such unexpected behaviour could be caused by two 
different populations of polymer that coexist in the PH3 resin mixture: possibly a 
population carrying the epoxy groups and the traditional methylol groups and another, 
completely un-functionalised one that reacts only by polycondensation of the methylol 
groups [2]. From the Figure 4.7, the variation of Tan δ of cured pure resins and 50:50 
blends with temperature could be predicted. 
 
Figure 4.7a) show the Tan δ curves of UP/PH1:70/30 and UP/PH1:50/50, and both have 
two Tg values. The Tan δ for the UP/PH1:70/30 and UP/PH1:50/50 blend display a first 
peak at 79 ˚C and 64 ˚C respectively, that corresponds to the Tg of the UP component. 
These values are lower than that for the pure UP (92 ˚C) which implies that the UP in 
presence of PH1 cannot react to achieve optimal crosslinking. In addition, both the blends 
show a distinct second peak at 234 ˚C, 225 ˚C respectively, corresponding to the Tg of 
PH1, confirming the incompatibility of these blends [7]. 
 
Table 4.3 Tg and storage modulus values for UP, UP/Res-PH blends and Res-PH from 
DMTA results 
Sample ID Tg (peak max of Tan δ) (
O
C) Storage modulus at 40 OC (MPa) 
UP 92 2657 
UP/PH1:70/30 79,234 2539 (3173) 
UP/PH1:50/50 64,225    856 (3518) 
PH1 240 4378 
UP/PH2:70/30 149,235 1880 (2339) 
UP/PH2:50/50 92,197 679 (2127)  
PH2 269,305 1597 
UP/PH3:70/30 105 2541 (2479) 
UP/PH3:50/50 121, 190 shoulder peak 2719 (2360)  
PH3 226 2062 
UP/PH4:80/20 108 2416 (3064) 
UP/PH4:70/30 114 2306 (2798) 
PH4/UP:60/40 116 3069 (2533) 
UP/PH4:50/50 119 3167 (2893) 
PH4 285 3128 
 
Note: The values within the parenthesis are the weighted average values calculated using weight 
fraction of the component resins according to the law of mixtures. 
For example calculated storage modulus value for UP/PH1:70/30 is ((0.7 x storage modulus 
of UP at 40 
o
C) + (0.3 x storage modulus of PH1 at 40 
o
C)). 
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Similar to UP/PH1 blends, the UP/PH2:70/30 (149 ˚C, 235 ˚C) and UP/PH2:50/50 (92 ˚C, 
197 ˚C blends also show two distinct Tg values (Figure 4.7b)). However, these Tg values 
are much closer to each other than those in UP/PH1 blends. This blend neither shows 
evident phase separation nor voids by visual observation and is assumed to have an 
interpenetrated network structures (IPN). In such a material, the UP softens first at a 
similar temperature to that of pure UP (92 ˚C) whereas the PH2 softens at 197 ˚C, which is 
a lower temperature compared to that of pure PH2 (269 ˚C). 
 
This decrease in Tg shows that PH2 crosslinking (arising from polycondensation reactions) 
in the blend with UP is reduced. This is probably a result of the UP curing first and 
encapsulating the partially or uncured phenolic polymer, thus decreasing its mobility and 
hindering curing via the methylol groups [2].  
 
A similar reduction in crosslinking was not observed for the UP component probably 
because UP cures at a lower temperature, at which the system is initially liquid (more 
mobile chains), and the crosslinking processes are less constrained than those of the PH2 
resins. 
 
In Figure 4.7c), the Tan δ curves for UP/PH3:70/30 and UP/PH3:50/50 show a broad peak 
at 105 ˚C, 121 ˚C respectively along with a narrow small shoulder at higher temperature 
(¬185 ˚C). However, the two former signals almost merge into one broad peak. This is 
good evidence that the presence of the epoxy groups in PH3 further increases the 
compatibility of phenolic resin  and UP, as possibly the epoxy groups may also take part in 
a crosslinking reaction between UP and PH3 [2]. However, the presence of a population 
with lowepoxy functionalisation (or not functionalised at all), as discussed earlier for the 
pure PH3, may be the cause of the shoulder on the Tan δ peak at higher temperature. 
Higher Tg values from the first component of UP/PH3 blends (105 ˚C and 121 ˚C) gives a 
further indication of a different type of crosslinking network being formed in the presence 
of epoxy functionalities. However, in UP/PH1 and UP/PH2 blends, the Tg value from the 
first component (UP) was lower than UP alone (92 ˚C), clearly indicating no cross linking 
network formation. 
 
Figure 4.7d) shows Tan δ curves of UP/PH4 blends with a single Tg peak. Blends show a 
single glass transition temperature, which confirms the conclusions drawn from DSC that 
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the cross linking reaction in this system involves extensive chemical reactions between the 
two networks. In addition, the Tg of the blend is intermediate between that of UP (92 ˚C) 
and PH4 (285 ˚C) as expected for an essentially homogeneous, co-cross linked 
interpenetrating network. In UP/PH4 blends, the Tg value is increased with increase in 
phenolic content (see Table 4.3). 
 
4.4.2 Storage modulus 
The logarithm of storage modulus vs. temperature curves of DMTA for all the resin 
formulations are shown in Figure 4.8 a)-e) and their storage modulus values at 40 ˚C (for 
comparison purpose all the samples were tested at 40 ˚C, which- temperature is below the 
Tg of UP ) are reported in Table 4.3. The variation of the storage modulus with temperature 
is mainly used to confirm the onset and progress of the curing of the cast resins. 
 
The logarithm of storage moduli of UP, Res-PH and UP/Res-PH blended resin decreased 
with increase of temperature indicating the completion of curing as shown in Figure 4.8. If 
it is not completely cured, it will not show the flat plateau (indicates completion of cross 
linked network formation). The differences in the behaviour between UP and Res-PH 
resins were observed in DMTA curves. The UP shows sudden and significant decrease of 
storage modulus from room temperature up to 94 ˚C (Tg of UP), the decrease is much 
gradual in Res-PH, occurring around 200 ˚C as a result of higher Tg [8]. 
 
From Table 4.3, the storage modulus values for PH1, PH2, PH3 and PH4 at 40 ˚C 
temperature are 3378, 1597, 2062 and 3128 MPa respectively. For UP, the storage 
modulus at 40 ˚C temperature is 2657 MPa (less than for PH1 and PH4). A higher storage 
modulus value is better, which indicates higher mechanical integrity. Also in blends of 
UP/Res-PH, the trend in storage modulus indicates the increasing compatibility from 
UP/PH1 to UP/PH4. Both UP/PH1:50/50 (856 MPa) and the UP/PH2:50/50 (679 MPa) 
display the lowest values of storage modulus; lower than that of UP and respective 
phenolic resin at room temperature, most probably due to the failing of the structure at the 
interface between UP and resole phenolic resin of PH1 and PH2. 
 
It is noted, that the storage modulus values at 40 ˚C of UP/PH1:70/30 and UP/PH2:70/30 
are 2539, 1880 MPa respectively, which are greater than the respective 50/50 blends (the 
UP content is more in 70/30 blends). Moreover, such values are also lower than those of 
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the respective pure materials (UP, PH1 and PH2). The calculated storage modulus values 
using the law of mixture for the blends are given within the parenthesis in the Table 4.3, 
which also indicate the same trend for PH1 and PH2 blends, the actual experimental 
storage modulus values are lower than those of calculated ones.  On the other hand, 
UP/PH3:50/50 displays a higher storage modulus of 2719 MPa at 40 ˚C that is comparable 
with that of UP. In addition, such values more slowly decrease with temperature when 
compared with that of UP, indicating a more compatible and stronger three-dimensional 
network. 
 
Figure 4.8  Log storage modulus vs. temperature curves of cured UP, Res-PH and 
UP/Res-PH blends of a) PH1 b) PH2, c) PH3 and d) PH4 resin, and e) neat UP and 
Res-PH 
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A slow decrease of the storage modulus is an important aspect in certain applications as the 
material can retain its mechanical integrity at higher temperatures. Finally, the 
UP/PH4:50/50 is the blend that displays the highest storage modulus at 40 ˚C temperature 
(3167 MPa) comparable to that of PH4. In addition, similar to the observations for 
UP/PH3:50/50, the storage modulus decreases more slowly with temperature compared to 
that of UP, confirming the highest compatibility of this system, which results in greater 
strength. In PH3 and PH4 blends (having functional groups of epoxy and allyl, 
respectively), the storage modulus values at 40 ˚C increase with increasing resole phenolic 
resin content. The degree of compatibility between the UP and resoles of PH1, PH2, PH3 
and PH4 resin is in the order of PH4 > PH3 > PH2 > PH1 as per DMTA results [2]. 
 
4.5 Morphology of UP, Res-PH and UP/Res-PH by scanning electron 
microscopy  
DSC and DMTA, both indicate an increasing compatibility on going from UP/PH1 to 
UP/PH4, owing to the increasing level of compatibilisation present in the resole phenolic 
resin. A morphological investigation has been conducted on the fractured sections of cast 
resins using SEM. Figure 4.9 shows the SEM photomicrograph of the fractured surfaces of 
the cured resins.  
 
The fracture surfaces of cured UP, PH2, PH3 and PH4 are smooth and uniform, as 
expected in view of the homogeneity of these materials.  The SEM image of fracture 
surfaces of PH4 has shown grainy lines against a smooth surface. On the other hand, PH1 
shows a fracture surface composed of large irregular structures. Most probably, the high 
degree of crosslinking in this particular resin has led to cracking and crazing within this 
sample. The relatively large amount of water initially present in PH1 may also contribute 
to inhomogeneity during curing. On the other hand, Figure 4.10, showing the SEM 
photomicrographs of the fractured sections of the UP/PH1:50/50, UP/PH2:50/50, 
UP/PH3:50/50 and UP/PH4:50/50 blends, confirm the increasing compatibility in this 
series observed with the other techniques. In fact, UP/PH1:50/50 clearly shows the phase 
separation displayed by the obvious interface between the two polymers. In addition, 
micro-voids and micro-particles can also be seen. 
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Figure 4.9 SEM photomicrographs of fracture surfaces of UP, PH1, PH2, PH3, PH4 
 
The simple substitution of water by ethanol as a solvent for the resole phenolic resin 
component improves the compatibility of the PH2 and UP; the SEM micrograph of the 
fracture surface for UP/PH2:50/50 is smoother than that of UP/PH1:50/50. However, the 
surfaces still show a certain degree of roughness suggesting the presence of small particles 
of sub-micron size.  
 
Evidently, the addition of ethanol as a solvent for resole phenolic resin does not completely 
compatibilise the two resins, as previously indicated also by DMTA. The introduction of 
the epoxy functionalities in PH3 seems to improve the compatibility of the UP/PH3:50/50 
blend, although, SEM examination shows this improvement to be small as the fracture 
surface still shows some roughness, i.e. evidence of inhomogeneity. 
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Figure 4.10 SEM photomicrographs of fracture surfaces of the blends, UP/PH1:50/50, 
UP/PH2:50/50, UP/PH3:50/50 and UP/PH4:50/50 
 
The evident inhomogeneity in UP/PH2 and UP/PH3 indicates that neither of the systems 
forms a true uniform IPN structure. Finally, the micrograph of the fracture surface in 
UP/PH4:50/50 is comparable to those of the pure materials seen in Figure 4.9 (has grain 
lines and smooth surface as a single material). This confirms that UP and PH4 co-cure to 
give a homogenous product in which the two polymers are intimately entangled and 
crosslinked, forming a co-continuous cross linked matrix. 
 
4.6 Thermal stability 
The thermal stability and degradation behaviour of the cured UP, the various PH resins and 
their blends have been studied by simultaneous DTA-TGA in both nitrogen and air 
atmospheres. Each sample was tested three times to check the reproducibility of the results. 
As an example three TGA curves of cured PH3 sample are shown in Figure 4.11. 
 
Plots of mass loss as a function of temperature for all samples in nitrogen are shown in 
Figures 4.12 a)-d) and the analysed results of TGA, DTG (differential thermo gravimetric 
analysis) and DTA in nitrogen are tabulated in Table 4.4. 
 
UP/PH2:50/50
UP/PH3:50/50 UP/PH4:50/50
UP/PH1:50/50
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Figure 4.11 TGA curves of cured PH3 resin sample in nitrogen 
 
UP in nitrogen 
The TGA mass loss curve of UP in nitrogen in Figure 4.12 a) shows that up to ca. 180 
o
C, 
there is 0.9 % mass loss, which can be attributed to volatilisation of absorbed moisture, 
solvent and/or any unreacted monomers.  
 
Figure 4.12 TGA curves of cured UP, Res-PH resins and their blends in nitrogen
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Table 4.4 DTA – TGA analysis in nitrogen 
 
Sample 
Resin UP/Res-PH:70/30 UP/Res-PH:50/50 
Temp 
range 
(
o
C) 
Mass 
loss 
(%) 
DTG max (
o
C) 
DTA (Endo) 
peak max 
(
o
C) 
Temp 
range 
(
o
C) 
Mass 
loss 
(%) 
DTG 
max 
(
o
C) 
DTA 
peak 
max 
(
o
C) 
Temp 
range (
o
C) 
Mass 
loss (%) 
DTG 
max (
o
C) 
DTA peak 
max (
o
C) 
UP RT-183 
183-462 
0.9 
94.8 
 
383 
 
369  
        
PH1 RT-318 
318-690 
4.4 
38.3 
299 
423,446,502 
305 
402 
RT-260 
260-691 
1.6 
74.6 
 
379 
 
370 
RT-205 
205-691 
3.7 
59.9 
 
359 
 
358 
PH2 RT-315 
315-690 
4.6 
41.0 
 270 
315(s),346 
(s),439,500 
277 
317(s),347 
(s),399 
RT-280 
280-691 
 
1.3 
74.7 
 
399 
 
375 
RT-280 
161-691 
4.4 
61.6 
   
376 
 
362 
PH3 RT-266 
266-357 
357-690 
2.3 
8.3 
35.9 
 
302 
425,522(s) 
 
301 
402 
RT-268 
268-691 
 
5.4 
77.1 
 
380 
 
373 
RT-263 
263-691 
 
1.6 
65.7 
 
376 
 
365 
PH4 RT-366 
366-691 
3.6 
57.2 
 
451 
 
454 
RT-260 
260-691 
3.7 
77.9 
 
382 
 
381 
RT-285 
285-691 
1.7 
73.3 
 
380, 443 
 
370, 
445(s) 
UP/PH4: 
80/20 
RT-241 
241-691 
0.8 
83.9 
 
384 
 
373 
        
UP/PH4: 
60/40 
RT-271 
271-691 
1.3 
76.9 
 
387, 436(s) 
 
372, 447(s) 
        
 
                Note: s= small (shoulder peak) 
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There is a single-stage mass loss for UP between 183 
o
C and 462 
o
C with 94.8 % mass loss 
and DTG max at 383 
o
C, representing decomposition of the resin, in which polystyrene 
crosslinks decompose releasing styrene and other volatiles, and the residual polyester 
backbone degrades [9-11]. That this is single-stage decomposition is corroborated also by 
the appearance of a single endothermic DTA peak at 369 
o
C (Table 4.4). The reactions 
contributing to this degradation process are discussed later.  
 
UP in air 
As seen from Figure 4.13 a), the TGA curve for UP in air indicates two main stages of 
mass loss.  
 
Figure 4.13 TGA curves of cured UP, Res-PH resins and their blends with UP in air 
 
The first one, representing decomposition of the resin, is very similar to that in nitrogen up 
to 435 
o
C with 93.1 % mass loss (see Table 4.5), except that UP clearly degrades slightly 
more readily in air than in nitrogen (10 % mass loss by 308 C in air as opposed to 325 C 
in nitrogen), which is to be expected given that polystyrene and linear polyesters both 
degrade more readily in air than in nitrogen [9]. 
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Table 4.5 DTA – TGA analysis in air 
 
Sample 
Resin UP/Res-PH:70/30 UP/Res-PH:50/50 
Temp 
range 
(oC) 
Mass 
loss (%) 
DTG max 
(oC) 
DTA (Exo) 
peak max (oC) 
Temp 
range 
(oC) 
Mass 
loss 
(%) 
DTG max 
(oC) 
DTA 
peak 
max (oC) 
Temp 
range 
(oC) 
Mass loss 
(%) 
DTG max 
(oC) 
DTA peak 
max (oC) 
UP RT-183 
183-435 
435-566 
0.9 
93.1 
5.6 
 
373 
532 
 
352(En,s); 404 
533 
        
PH1 
 
RT-318 
318-517 
517-629 
4.4 
28.0 
67.6 
 
459 
601 
 
* 
592 
RT-260 
260-491 
491-660 
1.6 
57.9 
39.3 
 
371 
603 
 
353(En) 
603 
RT-260 
260-549 
549-601 
3.7 
48.4 
45.7 
 
353,408, 430 
600 
 
* 
602 
PH2 RT-315 
315-422 
422-567 
567-693 
8.3 
10.3 
25.8 
55.9 
 
336, 393 
494 
672 
 
* 
504 
671 
RT-278 
278-523 
523-699 
7.2 
52.2 
39.1 
222 
371,402(s) 
611 
 
 
611 
RT-287 
287-526 
526-716 
8.5 
25.1; 12.2 
52.1 
221 
353,490 
619 
 
418, 490 
617 
PH3 RT-266 
266-454 
454-552 
584-760 
7.0 
8.8; 6.9 
17.8 
59.5 
 
293, 410 
504 
569, 631 
 
* 
505 
569, 629 
RT-268 
268-507 
507-687 
5.9 
69.5 
26.3 
 
365,399(s) 
610 
 
*, 434 
608 
RT-263 
263-510 
510-710 
6.2 
54.0 
38.6 
217 
362 
612 
 
* 
610 
PH4 RT-372 
372-490 
490-624 
3.9 
44.0 
52.1 
 
459 
597,610(s) 
* 
457 
593,611(s) 
RT-260 
260-486 
489-623 
4.3 
67.2 
28.5 
 
379 
587 
* 
417 
583 
RT-276 
276-494 
494-607 
4.2 
62.7 
33.1 
241 
365,444 
567 
* 
444 
563 
UP/PH4 
: 80/20 
RT-256 
256-470 
470-623 
1.9 
75.6 
21.4 
 
381 
580 
* 
455 
578 
        
UP/PH4 
: 60/40 
RT-271 
271-496 
496-615 
1.5 
67.5 
31.5 
 
381 
574 
* 
431 
569 
        
        Note: s= small (shoulder peak); En =endothermic peak (all other peaks are exothermic); * = Very broad endothermic peak, masked by baseline    
           shift and following exothermic peak 
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The second stage of weight loss in UP in the temperature range 435–566 oC (with DTG 
maximum at 532 
o
C) with 5.6 % mass loss, represents solid-state oxidation of char [9]. 
The decomposition stage is accompanied also by a small endothermic DTA peak at 352 
o
C, which is overlapped by a subsequent large exothermic DTA peak having a maximum 
at 404 
o
C; the exothermic peak arises from oxidation of volatile degradation products. 
 
The char oxidation stage is represented by an exothermic peak with a maximum at 533 
o
C. 
As can be seen from Figure 4.13 a), the resin decomposes completely by 575 
o
C, leaving 
no char residue. The detailed mechanism of these reactions has been discussed elsewhere 
[9, 11]. 
 
Res-PH resins in nitrogen 
The pyrolysis behaviours of all cured phenolic resins in nitrogen (Figure 4.12 (b-d)) are 
similar, showing principally two stages of mass loss, the temperature range and % mass 
loss for each of which depend upon resin type. In all resins there is a small mass loss (ca. 4 
%) below ca. 315 
o
C in PH1 and PH2, ca. 266 
o
C in PH3 and ca. 366 
o
C in PH4. This mass 
loss could be due to volatilisation of adsorbed moisture, water of reaction (post curing or 
dehydration) and any unreacted oligomers. In PH3 there is further mass loss of 8.3 % in the 
temperature range 266–357 oC, giving rise to a DTG peak maximum at 302 oC and 
accompanied by an endothermic DTA peak with a maximum at 301 
o
C. The main 
decomposition reactions are represented by the second stage, which is multi-step in PH1, 
PH2 and PH3, as can be seen from the multiple DTG (see Figure 4.14 a)-c)) and DTA 
peaks (see Figure 4.15 a)-c)), listed in Table 4.4. The mass losses in this region in PH1, 
PH2 and PH3 are similar, i.e., 38.3, 41.0 and 35.9 %, respectively, whereas in PH4 it is 
much higher (57.2 %). This can be explained by the different type of crosslinking initially 
present in PH4 and by the further reactions that take place in PH4 when it is heated. The 
char residues left at the end of the TGA experiments in resins PH1, PH2, PH3 and PH4 are 
57, 55, 53 and 40 %, respectively. PH4, whilst degrading more comprehensively than the 
other Res-PH resins, decomposes at a higher temperature as evident from endothermic 
peak maximum at higher temperature (454 
o
C) (see Figure 4.15 d)) compared to ca. 400
 o
C 
in the other three resins. This is because PH4 is intended for surface coating applications, 
and cures principally via free radical polymerisation of its allyl groups [2], rather than by 
reactions between methylol groups and phenol rings. Moreover, this curing almost 
certainly continues through the early stages of TGA heating since unreacted allyl groups in 
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low-temperature cured PH4 prior to TGA analysis have been detected by solid-state C-13 
NMR spectroscopy (tested by Dr.Dario Deli) [2].  
 
 
Figure 4.14 a)-d) Derivative mass loss vs. temperature against temperature for UP, 
PH1, PH2, PH3 and PH4 and blends. e) and f) mass difference between experimental 
and calculated curves against temperature for UP/Res-PH:70/30 and UP/Res-
PH:50/50 in nitrogen 
 
In common with other chain-reaction linked polymers, PH4 begins to degrade significantly 
only when the temperature approaches 400 C, at which point the previously polymerised 
allyl groups depolymerise with rapid disintegration of the network and the units from 
which it is comprised. This difference in network structure is probably the reason also why 
the char yield from PH4 is significantly less than those from PH1, PH2 and PH3. 
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Figure 4.15 DTA curves of cured UP, Res-PH resins and their blends with UP in 
nitrogen 
 
Res-PH resins in air 
In air, the mass loss behaviour for the first small mass loss and subsequent decomposition 
stages are similar to the respective behaviour of each resin in nitrogen, ignoring small 
variations in degradation temperature and mass loss, which will be due to auto-oxidation 
reactions as with UP. There is an additional char oxidation stage in all resins in which > 50 
% mass loss occurs. The DTG plots of all the samples in air are shown in Figures 4.16 a)-
d). 
 
The DTA curves of all resins in air show only exothermic peaks (see Figures 4.17 (a-d)). 
The broad endothermic peaks representing decomposition reactions and product 
volatilisation are masked by the exothermic base line deviations/peaks representing 
oxidation of the evolved decomposition products. In PH1 there is no clear peak, whereas 
both PH2 and PH3 display an exothermic peak at 505 
o
C (see Figure 4.17)); in PH4 this 
peak occurs at a lower temperature (457 
o
C). 
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Figure 4.16 a-d) Derivative mass loss temperature vs. temperature for UP, PH1, PH2, 
PH3 and PH4 and blends. e) and f) Mass difference between experimental and 
calculated curves  against temperature for UP/PH:70/30 and UP/PH:50/50 in air 
 
The subsequent large exothermic peak due to the oxidation of the char is at a lower 
temperature in PH1 (601 
o
C) than in PH2 (671 
o
C), while in PH3 and PH4 there are double 
peaks at 569 + 629 
o
C and 593 + 611 
o
C, respectively. 
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Figure 4.17 DTA curves of cured UP, Res-PH resins and their blends with UP in air 
 
The decomposition of phenolic resin is reported to start with the release of water arising 
from further condensation reactions [12-14]. The released water may then assist in 
oxidation of methylene links to carbonyl groups [12, 15], which subsequently decompose, 
releasing CO, CO2 and other volatile products leaving, ultimately, char. 
 
As can be seen from Table 4.5, the mass losses in the various stages for the various Res-
PH resins are different, which indicate slight differences in their modes of degradation. All 
Res-PH resins degraded completely in air, leaving no residual char. The temperatures at 
which zero residue was observed are 610, 697, 718 and 615 
o
C for PH1, PH2, PH3 and 
PH4, respectively. 
 
The masses of residues at 575 
o
C (the temperature at which UP is completely decomposed) 
for all phenolic resins are given in Table 4.5. For PH1, PH2 and PH3, the amounts of 
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C are similar (ca. 55 %), whereas for PH4 the amount of residue is much 
lower (28.8 %). Moreover, in PH1, PH2 and PH3, these residual amounts are only slightly 
higher in nitrogen than they are in air, whereas in PH4 the residual amount is much higher 
in nitrogen (42.8 %). This indicates that PH4 is more readily oxidised than PH1, PH2 and 
PH3, which is consistent with PH4 undergoing a radical chain oxidation process, similar to 
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that for UP, whereas PH1, PH2 and PH3, being more highly crosslinked and containing no 
readily depolymerisable chains, are more resistant to oxidation. 
 
UP/Res-PH blends in nitrogen and air 
TGA mass loss vs. temperature curves for blends, in both nitrogen and air, lie between 
those of the constituent UP and Res-PH resins, as can be seen by comparing the TGA mass 
loss curves for the 50:50 wt.% UP/Res-PH blends, shown in Figure 4.12, 4.13 a)-d), with 
those for the constituent resins. In Figures 4.12 and 4.13 the calculated mass losses ((mass 
fraction of UP × measured mass loss of cured UP) + (mass fraction of Res-PH resin × 
measured mass loss of cured Res-PH)) are also presented for 50/50 blends.  
 
As can be seen from the Figure 4.12, the experimental curves in nitrogen are very similar 
to the calculated ones. However, in air the thermal stabilities of UP/PH1 and UP/PH2 are 
greater than expected, whereas for UP/PH3 and UP/PH4 they are as expected. For more 
clarity, the differences between expected and calculated mass losses for both 70:30 and 
50:50 wt. % blends are plotted as a function of temperature in Figures 4.14 e), f) and 4.16 
e), f) which show that in air atmosphere blends of UP with PH1 and PH2 give much higher 
residual char than expected, whereas blends of PH3 have lower than expected stability 
between 560 and 700 
o
C. PH4 blends display similar behaviour to those of PH3, but at 
much lower temperatures. This indicates that UP/PH1 and UP/PH2 blends are more 
oxidatively resistant than expected and thus their flammabilities should also be better than 
values calculated from those of the component resins. This greater than expected oxidative 
resistance of UP/PH1 and UP/PH2 may be a consequence of esterification reactions 
between unreacted methylol groups in the Res-PH with carboxylic acid chain ends in the 
UP. 
 
These types of reaction are less likely for UP/PH3 and UP/PH4, owing to the replacement 
of most methylol groups with epoxy groups in the case of the former and allyl groups in 
the case of the latter (although there are possible reactions between epoxy groups and 
carboxylic acid groups in the case of UP/PH3). Even so, although such reactions would 
lead to additional crosslinking in UP/PH1 and UP/PH2, it is not obvious that such 
crosslinking would automatically lead to greater oxidative stability.  
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However, in terms of thermal stability and thermo-oxidative stability (reduced mass loss 
rates), all blends are better than UP, the best value being shown by UP/PH1. The UP/Res-
PH blends also show the same trends in flammability as in the thermal and thermo-
oxidative stability. 
 
4.7 Evolved gas analysis 
TG-FTIR was used to analyse the gases evolved during the thermal decomposition of UP, 
Res-PH resins and their blends in both nitrogen and air. In nitrogen, the pyrolysis products 
can easily be identified; in air, evolved gas analysis serves mainly to give an indication of 
the extent of oxidation of volatiles. Figure 4.18 a)-d) shows IR absorbance spectra 
recorded for volatile products of degradation of UP and one phenolic resin (PH2) at 
different temperatures in nitrogen and air. The intensities of bands in these spectra and 
those of other resins were used to construct the plots of amount of degradation product vs. 
temperature presented in Figures 4.19 and 4.20. Band assignments and the implications of 
the plots are discussed below. 
 
UP resin 
In the spectra recorded of gases evolved under nitrogen (Figure 4.18a)), the following 
assignments have been made: 
CO2: 2360 cm
-1
, C=O stretch; 710 cm
-1
, O=C=O bending vibration. The peak at 2360 cm
-1
 
has been used for quantitative analysis [16 -18]. 
Phthalic anhydride: 1866 cm
-1
, C=O symmetric stretch; 1770 cm
-1
, C=O asymmetric 
stretch. The peak at 1866 cm
-1
 has been used for quantitative analysis [18]. 
Styrene: 709 cm
-1
,
 
C–H bending vibration of phenyl ring [18, 19]. 
Compounds containing aliphatic C–H: 2980–2880 cm-1, C–H stretch [6]. Within these 
bands, the intensity at the peak maximum of 2925 cm
-1 
has been used for quantitative 
analysis. 
Compounds containing phenyl rings: 1600 cm
-1
, benzene ring  
Compounds containing aromatic C–H: 3020–3200 cm-1. Within these bands, the 
intensity at the peak maximum of 3025 cm
-1 
has been used for quantitative analysis. 
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Figure 4.18 FTIR spectra of evolved gases at different temperatures: a) UP in nitrogen, b) UP in air, c) PH2 in nitrogen and 
d) PH2 in air
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Figure 4.19 IR absorbance of pyrolysis products (a-f) for UP, PH2, PH3 and PH4 as a 
function of temperature obtained from TGA-FTIR in nitrogen 
 
As can be seen from Figure 4.19, evolution of phthalic anhydride and styrene from UP 
begin at 200 and 230 
o
C, respectively, with maximum rates of evolution at 385 and 400 
o
C. 
CO2 evolution begins at 270 
o
C with maximum rate at ca. 380 
o
C.  Compounds containing 
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aliphatic C–H start to appear at 220 oC (maximum rate at 365 oC), whilst compounds 
containing aromatic C–H start to appear at ca. 270 oC (maximum rate at 400 oC). 
 
Total amounts of the various volatiles, measured from areas under the concentration vs. 
time peaks, are given in Table 4.6. Phthalic anhydride is believed to be eliminated from UP 
resins [19], whilst styrene (and styrene oligomers) arises from the initial bond breakage 
probably occurring at the relatively weak C–C bond adjacent to the polyester backbone 
(see Scheme 4.1). 
 
 
Scheme 4.1 The formation of styrene from the chain scission [11] 
 
The total aromatic C–H band intensity measured at 3025 cm-1 will reflect the 
concentrations of all aromatic products eliminated from UP, particularly styrene, styrene 
oligomers and phthalic anhydride. Hence the growth and decay of this band in the FT-IR 
spectra mirrors, as expected, that at 709 cm
-1
 assigned to styrene and that at 1866 cm
-1 
assigned to phthalic anhydride. The same applies also to the band assigned to phenyl rings 
at 1600 cm
-1
. Polyesters thermally degrade via a variety of chain scission and 
rearrangement reactions [16, 19]. The fact that the polyester backbones in the UP used here 
are derived from three aliphatic diols (ethylene glycol, propylene glycol and diethylene 
glycol) probably accounts for the aliphatic fragments (as measured from C–H band 
intensity at 2925 cm
-1
) appearing in the TG-FTIR traces over a range of temperatures, with 
two rate maxima, although some of this aliphatic intensity will arise from styrene monomer 
and oligomers.  
 
A further product released during the thermal decomposition of polyesters is CO2, which 
arises from decarboxylation of acid and ester groups. The trace of CO2 concentration vs. 
temperature in Figure 4.19 shows that this reaction takes place between ca. 285 C and 
445 C, with a maximum rate at ca. 375 C.  
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Table 4.6 Quantitative analysis of peaks of Figure 4.19 and 4.20 
Sample 
Gas evolved (FTIR peak (cm
-1
)); Intensity  x10
-2 CO2 
evolved 
in air 
(2360) 
 
 
CO2 
(2360) 
 
±0.05 
Phenol 
(3647) 
 
±0.19 
Phthalic 
anhydride 
(1866) 
±0.18 
Styrene 
(709) 
 
±0.49 
Methane 
(3016) 
 
0 
Aromatic 
compounds 
(1600) 
±0.17 
Aromatic 
hydro 
carbons 
(3025) 
±0.29 
Aliphatic 
hydro 
carbons 
(2925) 
±0.19 
UP 
1.91 0.0 2.68 2.53 
0.10 
0.39 1.11 1.49 
6.49 
PH2 
0.60 1.01 0 0 
1.48 
0.84 0.66 1.08 
47.16 
PH3 
0.63 1.13 0 0 
1.41 
0.93 0.48 0.89 
46.22 
PH4 
0.46 1.10 0 0 
1.30 
0.44 0.75 1.24 
31.28 
UP/PH2:50/50 2.04 
(1.25) 
0.74 
(0.51) 
0.82 
(1.34) 
1.32 
(1.27) 
1.27 
(0.79) 
0.47 
(0.62) 
0.54 
(0.88) 
0.85 
(1.28) 
28.37 
(26.82) 
UP/PH3:50/50 2.77 
(1.27) 
0.73 
(0.56) 
1.27 
(1.34) 
1.91 
(1.27) 
1.08 
(0.76) 
0.74 
(0.66) 
0.61 
(0.79) 
0.94 
(1.19) 
23.35 
(26.36) 
UP/PH4:50/50 2.01 
(1.18) 
0.62 
(0.55) 
0.98 
(1.34) 
1.42 
(1.27) 
0.97 
(0.70) 
0.36 
(0.42) 
1.03 
(0.93) 
1.24 
(1.36) 
22.98 
(18.88) 
 
         Note: The reported values are averages of two runs 
                        The values in brackets and in italics are the calculated averages from individual components.
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Above 350 C in air, the major volatile product observed from UP is CO2. This is because 
the majority of degradation products oxidise in air. The intensity vs. temperature curve for 
CO2 evolution in air is shown in Figure 4.20. 
 
Two stages of CO2 evolution can be seen: the first between 290 and 430 
o
C, with a 
maximum at ca. 385 
o
C, and the second between 430 and 562 
o
C. The first of these two 
stages represents decarboxylation (the same as in thermal decomposition in nitrogen), and 
the second, char oxidation. Total CO2 evolved is given in Table 4.6. 
 
Figure 4.20 Absorbance of CO2 for UP, PH2, PH3 and PH4 as a function of 
temperature obtained from TGA–FTIR in air 
 
Res-PH Resins 
It is reported in the literature [21-23] that the volatiles evolved during the thermal 
degradation of phenolic resins include water, alcohols, formaldehyde, CO2, methane, 
phenol, and various other aromatic compounds. 
 
The volatiles identified in our FTIR spectra recorded on degrading  Res-PH resins include 
CO2, compounds containing aliphatic C–H, and aromatic species, all with peaks in similar 
positions to those in the spectra of the volatile degradation products from UP. However, 
additional assignments can be made: 
Water: Small peak at 3911–3489 cm-1, with maximum at 3750 cm-1  
Formaldehyde: Small peak at 1720–1740 cm-1, C=O stretch [7] 
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Phenol: 3700–3603 cm-1, with maximum at 3647 cm-1, O–H stretch [6] 
Methane: 3300–2650 cm-1, with maximum at 3016 cm-1, C–H stretch [6]. In instances in 
which methane is a major constituent of the evolved gases, the characteristic P and R 
rotational fine structure of the methane spectrum is seen and measurement of methane 
band intensity from the central peak presents no problems. However, in some spectra, the 
peaks from methane are obscured by those from other aliphatics; in these cases, no 
attempts have been made to measure methane concentration. 
 
Elimination of water from Res-PH resins arises from additional crosslinking reactions that 
take place between methylol groups and phenol rings during TGA heating beyond the 
initial curing temperature, as mentioned above (although at higher temperatures, other 
dehydration reactions may also contribute to the elimination of water), whilst elimination 
of formaldehyde arises from conversion of dimethylene ether links to methylene links (see 
Scheme 4.2).   
 
At 550 C and above, methane appears to be the only significant aliphatic hydrocarbon 
pyrolysis product from the Res-PH resins. The rapid breakage of C–H and C–C bonds at 
high temperatures, leading to a small hydrocarbon radicals, will favour the elimination of 
hydrogen in the form of the most thermodynamically stable small molecule; this will be 
methane [26]. 
 
In all Res-PH resins, similar patterns of FT-IR peaks for evolved gases were observed, 
however, these gases were evolved at different temperatures and their concentration vs. 
temperature profiles were different. As can be seen from Figure 4.19, phenol evolution 
from PH4 occurs over a narrower temperature range than from PH2 and PH3. 
 
Moreover in PH4 there is a single sharp concentration vs. temperature peak whereas in 
PH2 and PH3 the peaks are broad indicating that in PH4, phenol is more readily liberated. 
The quantity released is also higher in PH4 than in PH2 and PH3 (Table 4.6). This is a 
further indication that, because crosslinking of PH4 is primarily via polymerisation of allyl 
groups, the decomposition of PH4 occurs over a narrow temperature range as the allyl 
chains undergo depolymerisation. 
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Scheme 4.2 Reactions suggested for liberation of water and formaldehyde from Res-
PH resins during further heating beyond curing temperature [22, 26] 
 
CO2 is produced in all samples at >300 
o
C. However, the quantities are small; no sharp 
peak for CO2 evolution can be seen in the relevant plots in Figure 4.19. It has been 
suggested that CO2 may arise from the decarboxylation of minor carbonyl-containing 
oxidized structures in phenolic resins, as mentioned previously. 
 
Evolution of compounds containing aliphatic C–H starts at around 200 oC in PH2 and PH3, 
and these compounds are evolved in two stages. The behaviour is very similar in both 
resins. In PH4, however, evolution starts at ca.400 
o
C and compounds containing aliphatic 
C–H are produced in one stage (maximum rate at 450 oC) and in large quantity compared 
to the other two resins (Table 4.6), again consistent with the different degradation pathway 
for PH4. Methane production in PH4 is also very different. In all resins it is detected at > 
400 
o
C, but in PH4 there is a more rapid release. 
 
For both PH2 and PH3, the rates of release curves for total aromatics, as measured from 
the intensities of aromatic C–H stretching bands at 3025 cm-1 and the benzene ring at 1600 
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cm
-1
, are very similar in terms of overall shape, relative intensity and position on the 
temperature axis, to the rate of release curves measured for the phenolic products from the 
O–H stretching band at 3647 cm-1. This suggests that the majority of the aromatic 
fragments released during pyrolysis are phenolic, including cresols and xylenols, produced 
by cleavage of the Res-PH resins at methylene linking groups as shown in Scheme 4.3 
[26]. It cannot be ruled out, however, that some of the aromatic products released at the 
higher temperatures are phenols stripped of OH groups, as has previously been suggested 
for the final stage of the resole degradation process [24]. 
 
Scheme 4.3 Production of phenols, cresols and xylenols by cleavage of PH resins at 
methylene links [22, 26] 
 
In air, the oxidation of the evolved products occurs much earlier in PH4 than in PH2 and 
PH3, indicated by CO2 production in Figure 4.20, possibly because PH4 produces less char 
and so the char oxidation stage makes less of a contribution to CO2 production. 
 
UP/Res-PH resin blends 
All the species identified in gases evolved during degradation of UP and Res-PH resins in 
nitrogen, are found also in the gaseous degradation products from UP/Res-PH resin blends, 
as can be seen from Table 4.6. However, while the yields of most products from the 
blends, such as phenol, methane, phthalic anhydride and styrene, lie between those of 
respective resin components, yields of CO2 are much higher than expected on the basis of 
resin composition; at present we have no explanation for this behaviour. 
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Quantitative analyses (Table 4.6) show that yields of phenols and phthalic anhydrides in 
blends are slightly lower than expected from calculated averages, while the yield of styrene 
is slightly higher. This may be a consequence of inter-resin reactions (esterifications and 
transesterifications). In air, the yield of CO2 is much higher for UP/PH4 blends than for the 
other blends. 
 
4.8 Flammability behaviour study  
4.8.1 Limiting oxygen index (LOI) 
The LOI values of all samples are given in Table 4.7, where, ΔLOI =LOI of sample - LOI 
of UP. An increase in the LOI value suggests an improvement in the resistance to ignition 
of materials being investigated. UP has a much lower LOI (17.9 %) than any of the resole 
phenolics, which is as expected. In general, all phenolic resins have LOIs higher than that 
of UP, indicating the lower flammability of phenolics. The lower flammability of 
phenolics is due to their chemical structure, having a greater number of stable aromatic 
benzene rings [8] which on heating crosslink and char, whereas in UP, the resin 
decomposes into combustible volatiles, which burn. The order of LOI values for the pure 
cured resins is: 
                                                   PH1 > PH2 > PH3 > PH4 > UP 
 
This indicates that the unfunctionalised resins (PH1 and PH2) may have lower 
flammability than the functionalised resins and that the flammability increases with an 
increase in functionality.  
 
The LOIs of the blends are between those of UP and resole phenolic resin and increase 
with increasing phenolic content, as can be seen in Figure 4.21 in which ΔLOI  vs. resole 
phenolic content is plotted. The values for UP/PH1 blends are lower than weighted 
averages calculated from the values of the components (Table 4.7); this may be a 
consequence of the incompatibility of the two resins, the unblended domains of UP acting 
as sources of ignition.  
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Table 4.7 Limiting oxygen index of cured UP, Res-PH resins and their blends with UP 
Sample ID LOI (%) ∆ LOI 
UP 17.9 + 0.1 0 
UP/PH1:70/30 20.7 + 0.1 (22.1) 2.8 
UP/PH1:50/50 21.3 + 0.1 (24.9) 3.4 
PH1 31.8 + 0.1  13.9 
UP/PH2:70/30 19.5 + 0.1 (19.4) 1.6 
UP/PH2:50/50 19.8 + 0.2 (20.5) 1.9 
PH2 23.0 + 0.1 5.1 
UP/PH3:70/30 18.7 + 0.2 (19.5) 0.8 
UP/PH3:50/50 19.7  + 0.1 (20.5) 1.8 
PH3 23.1  + 0.1 5.2 
UP/PH4:80/20 18.6  + 0.1 (18.8) 0.7 
UP/PH4:70/30 19.0  + 0.2 (19.2) 1.1 
UP/PH4:60/40 19.2  + 0.1 (19.6) 1.3 
UP/PH4:50/50 19.6  + 0.1 (20.1) 1.7 
PH4 22.2  + 0.2 4.3 
Note: The LOI values in parentheses are calculated from those of the components 
 
 
Figure 4.21 ΔLOI against phenolic content: UP, PH1, PH2, PH3 and PH4 and resin 
blends 
 
The values for all other blends are close to calculated values considering the probable 
error. Mixtures have shown slightly lower than expected LOI values. This suggests a slight 
antagonistic effect between PH resins and phenolics. It must be emphasized that the 
flammability of blended samples is not dependent on one only factor i.e., cross linking 
phenolic groups, but also on other factors such as viscosity of resins during blending, 
dispersivity, compatibility between the resins, curing rate and nature of IPN structure. 
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4.8.2 Cone calorimetry 
The cone calorimetric fire performances of cured cast resins of UP, phenolic resins and 
their blends were evaluated at 50 kW/m
2
 heat flux. The heat release rate (HRR), % mass 
and rate of smoke release (RSR) vs. time curves for all resins are plotted in Figures 4.22, 
4.23 and 4.24 while all derived parameters, i.e. time-to-ignition (TTI), flame-out time 
(FO), peak heat-release rate (PHRR), total heat release (THR), total smoke release (TSR) 
and % residual mass (CY) for resins and UP/PH blends are given in Table 4.8. The effects 
of phenolic content on a) ΔTTI, b) ΔPHRR, c) ΔTHR, d) Δtotal smoke production and e)  
%  residual mass in UP-Res-PH blends vs. resole phenolic content are plotted in Figure 
4.25 in which ΔTTI (TTI of sample minus TTI of UP). Similarly, ΔPHRR = PHRR sample 
minus PHRR of UP and ΔTHR = THR sample minus THR of UP. 
 
 
Figure 4.22 HRR versus time curves for cured resin samples of UP, Res-PH and 
UP/Res-PH blends at 50 kW/m
2 
external heat flux 
 
As can be seen from Figure 4.22 a) and Table 4.8, UP resin ignited at 40 s and burnt until 
178 s, producing 78.9 MJ/m
2
 THR with a PHRR of 1053 kW/m
2
. Amongst the four 
phenolic resins, PH1 has highest TTI (84 s), followed by PH4 (72 s), while PH2 and PH3 
ignite after 33 and 35 s, respectively. This trend is different from that expected from the 
LOI results. PH4, which has lowest LOI among the phenolic resins, has a much higher TTI 
than that of either PH2 or PH3. In general, even though phenolic resins are expected to 
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have inherent flame-retardant properties, their TTIs are quite low. However, once ignited 
they burn slowly, with lower PHRR and THR compared with those of UP, as can be seen 
from Figure 4.22.  
 
The lower flammability of phenolics is due to the greater number of stable aromatic rings 
in their chemical structures [5, 7, 8] which, on heating, cross-link and char, whereas the UP 
resin decomposes into combustible volatiles, which burn. PH2 has the lowest PHRR of 452 
kW/m
2
 with a THR of 37.6 MJ/m
2
. 
 
PH3 has a slightly higher PHRR (489 kW/m
2
) than that of PH2, but the THR is lower (34.2 
MJ/m
2
) than that of PH2. PH4, on the other hand, has much higher PHRR (804 kW/m
2
) 
and THR (47.8 MJ/m
2
). This shows that PH2, PH3 and PH1 have lower flammability, 
whereas PH4 is more flammable despite its higher TTI. The char-forming ability of 
phenolics also follows the same trend as can be seen from Figure 4.23 and the char yields 
given in Table 4.8. While UP is completely burnt away at the end of the experiment, the 
mass loss rates in all phenolics are lower than that of UP. PH1, PH2 and PH3 give 46-48 
wt. % residual char, whereas PH4 has higher mass loss rate than the other phenolic resins 
(see Figure 4.23d)) and leaves only 27 % char residue at the end of the cone experiment. 
 
The smoke production in these Res-PH resins also follows the same trend (Figure 4.24). 
High char-forming resins produce low smoke 594–965 m2/m2, whereas PH4 produces 
much higher smoke, 2209 m
2
/m
2
, although this is still lower than that of UP (4090 m
2
/m
2
), 
(see Table 4.8).  
It is to be noted that PH1 is used only for comparative purposes. Since this is water based, 
it will normally not be used for blending with UP. Hence, the results for blends of UP with 
PH1, although useful for studying the effect of compatibility, are not subsequently 
discussed in the same depth as blends with the other Res-PH resins.  
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Table 4.8 Derived cone results of cast resin samples of UP, Res-PH and UP/Res-PH blends at 50 kW/m
2
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Note:  The variation in values for different parameters are as: TTI = ± 2; PHRR = ± 32;    THR = ± 2.3; TSR = ± 150; residue % = ± 4. 
          The values in parentheses and in italics are calculated from those of the components. 
 
Sample TTI 
(s) 
FO 
(s) 
PHRR 
(kW/m²) 
THR 
(MJ/m
2
) 
TSR 
(m²/m²) 
Residue 
(%) 
FPI 
(s)/(kW/m²) 
FIGRA 
(kW/m²)/(s) 
UP 40 178 1053 78.9 4090 1 0.0380 9.57 
PH1 84 175 534 41.0 965 46 0.1573 4.08 
UP/PH1:70/30 34 (53) 117 (177) 962 (897) 51.0 (67.5) 1700 (3152) 18 (15) 0.0353 13.00 
UP/PH1:50/50 37 (62) 153 (176) 787 (793) 44.6 (60.1) 1683 (2527) 26 (24) 0.0470 9.72 
PH2 33 156 452 37.6 594 46 0.0707 5.79 
UP/PH2:70/30 31 (38) 178 (171) 630 (872) 62.3 (66.5) 2307 (3278) 24 (15) 0.0464 7.88 
UP/PH2:50/50 31 (37) 156 (167) 568 (752) 48.4 (58.2) 1357 (2342) 37 (24) 0.0531 9.47 
PH3 35 145 489 34.2 603 48 0.0716 8.73 
UP/PH3:70/30 39 (39) 148 (168) 885 (883) 54.3 (65.5) 2699 (3043) 11 (16) 0.0441 10.41 
UP/PH3:50/50 34 (38) 151 (162) 682 (771) 49.6 (56.6) 2203 (2346) 20 (25) 0.0499 8.74 
PH4 72 216 804 47.8 2209 27 0.0896 8.93 
UP/PH4:80/40 50 (46) 175 (186) 1011(1003) 71.3 (72.7) 3961 (3714) 7.1 (6) 0.0565 9.55 
UP/PH4:70/30 54 (50) 179 (189) 955 (978) 70.7 (69.6) 3819 (2929) 11 (9) 0.0565 9.55 
UP/PH4:60/40 55 (53) 190 (193) 892(953) 67 (66.5) 3458 (3338) 13.8 (11) 0.0688 8.28 
UP/PH4:50/50 57 (56) 201 (197) 828 (928) 61 (63.3) 3166 (3149) 14 (14) 0.0688 8.28 
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UP/Res-PH resin blends 
In UP/Res-PH blends, as can be seen from Table 4.8, TTI is little affected by the presence 
of the phenolic resin in the cases of PH1, PH2 and PH3, the values being similar to, or 
slightly lower, than that of UP. This is more clearly seen from the calculated average 
values in Table 4.8 and in Figure 4.25 in which the difference between TTI for the blend 
and that of the UP is plotted.  
 
 
Figure 4.23 Mass loss versus time curves for UP, Res-PH and UP/Res-PH blended 
resins at 50 kW/m
2
 external heat flux 
 
This indicates that since these blends are not intimately co-cross-linked, the UP ignites 
first. In the UP/PH4 blend on the other hand, the TTI is much higher than that of UP and 
almost the same as the calculated average value. This could be due to the fact that the 
blend is co-cross-linked [2], and hence displays the ignition behaviour of a unique 
compound. 
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Figure 4.24 Rate of smoke release versus time curves for UP, Res-PH and UP/Res-PH 
blended resins at 50 kW/m
2
 external heat flux 
 
Most other parameters for the blends are between those of the pure phenolics and pure UP, 
and the influence of the Res-PH increases with increasing Res-PH content, as can be seen 
from Figure 4.25.  
 
The results for UP/PH2 however, are particularly interesting: PHRR, THR and TSR values 
for the blend are much lower than expected based on consideration of average values or 
these parameters calculated from the results for the individual components, as shown in 
Table 4.9. These differences are not so pronounced in UP/PH1 and UP/PH3 blends, in 
particular not for 70/30 wt. % ratios of components. 
 
The differences are least in UP/PH4; for the 70/30 wt. % blend, values of PHRR, THR and 
TSR are similar (considering probable error) to the calculated values. The differences 
between measured and calculated average mass loss rates also follow the same trend, 
which is reflected by the higher than expected char yields shown in Table 4.8 and Figure 
4.25 e). The much higher than expected char yields for UP/PH2 blends can be clearly seen 
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in Figure 4.25 e). From Figure 4.26, the char images of the burnt cast resin samples of UP, 
PH3 and their blends left after the cone calorimetry test.  
 
 
Figure 4.25 Effect of phenolic content on a) ΔTTI, b) ΔPHRR, c) ΔTHR, d) Δtotal 
smoke production and e) % residual mass in UP/Res-PH blends 
 
These results indicate that during thermal degradation of UP/PH2, there is some kind of 
interaction between the degradation products from each component. This might be due to 
esterification and transesterification reactions taking place between residual methylol 
groups  in PH2 (i.e. those not reacted during the initial curing process) with UP during 
cone heating [26]. Whereas in UP/PH4 blends, which are more compatible and probably 
more fully co-cross-linked [2], the flammability is greater, although still lower than that of 
UP. In terms of smoke production, PH2 blends produce lower TSR than PH3 and PH4 
blends. The trend in TSR is similar to those of the other flammability parameters.  
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From the above cone results, the phenolics that are the least compatible with UP (PH1 and 
PH2) showed the best fire performance on UP, whilst the most compatible (PH4) performs 
less well.  This can be explained by “Islands in the Sea” model proposed by Zhang and 
Horrocks, i.e., in which domains of a char-promoting flame retardant act as nucleating 
centres for char formation in a surrounding polymer matrix of a different type when 
present at a concentration above a percolation threshold [25]. Such behaviour has been 
observed, for example, in polypropylenes and polyamides containing incompatible, 
inorganic phosphorus-based, flame-retardant additives. In support of the above hypothesis 
[25, 26], it is noted that the behaviour observed here for UP/PH1 and UP/PH2 blends is 
indicative of the effects observed when char-forming additives are added to non-char 
forming polymers at critical concentrations above which they become effective in 
shielding parts of the surrounding polymer matrix from pyrolysis and promoting more 
extensive char formation. More probable, it is the inhomogeneity of UP/PH1 and UP/PH2 
blends, in which cured phenolic (PH1 and PH2) domains are dispersed largely within a 
matrix of cured UP [2].   
 
 
Figure 4.26 Digital images of char residues of UP, PH3 and their blended cast resins 
after cone calorimetric test 
      
4.8.2.1 Fire Safety Rating  
Two other fire parameters that can be used to rank the fire safety of materials are the fire 
performance index (FPI) and the fire growth rate (FIGRA). The fire performance index is 
defined as the ratio of the time-to-ignition to the peak heat release rate (TTI/PHRR). There 
is a correlation between FPI and the time to flashover; i.e., a lower FPI value suggests an 
accelerated flashover event [27]. Therefore materials with low FPI values generally pose 
elevated fire risks. Based on FPI results in Table 4.8, the fire safety of different resins can 
be ranked as:  
      UP UP/PH3:70/30 UP/PH3:50/50       PH3 
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PH1>PH4>PH3>PH2>UP 
The FIGRA (Fire Growth Rate Index) indicates the burning propensity of a material, 
calculated from the ratio of PHRR and time to PHRR, and is given for all samples in Table 
4.8. Lower the FIGRA value, lower the fire growth in a material. The relative overall fire 
performance of different resins can be evaluated by plotting the total heat release against 
the fire growth rate values calculated by dividing PHRR by TTI [28], as shown here in 
Figure 4.27. Fire safe materials should have low THR and PHRR/TTI values; i.e. these 
samples should fall close to the coordinates (0;0) on a 2-D plot. While none of the resins 
falls within this region, all phenolic resins and their blends with UP fall within the region 
considered as having higher fire safety than UP except for  UP/PH1:70/30 which has lower 
fire safety than UP. 
 
Figure 4.27 2-D fire safety assessment grid for UP, Res-PH resins and their blends 
with UP, exposed to a 50 kW/m
2
 heat flux. 
 
4.9 Conclusions 
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polyester (UP), cured samples of four different phenolic resoles, PH1, PH2, PH3 and PH4, 
and co-cured blends of UP with PH1, PH2, PH3 and PH4 have been compared. 
 
The pure Res-PH resins and the co-blended UP/Res-PH resins can be completely cured 
under higher temperatures of around 200 
o
C. DMTA measurements of Tg with the most 
compatible system (UP/PH4) show only a single Tg. SEM of the fracture surfaces of the 
fully cured material shows it to have a high degree of homogeneity in the UP/PH4 co-
blended resins. The compatibility between UP and Res-PH resins in the co-blended resins 
shows the following trend, 
PH4>PH3>PH2>PH1 
The thermal and thermo-oxidative stabilities of all the blends were intermediate between 
those of the pure phenolics and UP. The stabilities of the unfunctionalised phenolic resins 
(PH1 and PH2) and blends based upon them are marginally better than products 
incorporating the functionalised resoles, PH3 and PH4.The greater thermal and thermo-
oxidative stabilities of UP/Res-PH blends than that of UP alone, translate into better fire 
performances for the blends as measured by LOI and cone calorimetric parameters, all of 
which show significantly higher LOI and significantly lower PHRR, THR and TSR values 
than UP. The far greater char yields in the case of the blends compared with UP indicate 
that the major mechanism of fire retardance in these blends is a condensed phase one in 
which the phenolic component acts as the char former. 
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Chapter 5: Unsaturated polyester/resole phenolic resin blends 
with added flame retardants 
 
In Chapter 4, blending and co-curing of unsaturated polyester (UP) resins with resole 
phenolic resins (Res-PH) was investigated as a route towards better fire performance of 
the former. UP resin was successfully blended and co-cured with resole phenolic resins, 
especially if a compatibilising solvent, such as ethanol in PH2 or the resoles with 
chemically reactive groups, such as epoxy groups in PH3 and allyl groups in PH4 were 
used. These co-cured resin blends are significantly more flame retardant than UP alone, 
burn with lower evolution of heat and the formation of more char. However, it is the least 
compatible resin blends that are the most flame retardant, whereas those based on epoxy 
and allyl resoles (PH3 and PH4), which have better physical and mechanical properties, 
are less flame retardant. This chapter deals with further flame retardance of UP/Res-PH 
blends by adding liquid/reactive flame retardants (FRs). The FRs chosen to study are 
resorcinol bis (diphenyl phosphate) (RDP), bisphenol-A (bisdiphenyl phosphate) (BADP) 
and 9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO). RDP and BADP are 
added at 20 wt. %, while DOPO is used at 10 wt. %. FRs RDP, BADP and DOPO are 
represented below as R, B and D respectively.  
 
5.1 Curing behaviour study by DSC  
5.1.1 Unsaturated polyester resin (UP) with FRs 
The DSC tests were conducted on uncured resins to study their curing behaviour, as 
already discussed in Chapter 4, Section 4.1. The UP-FR mixtures (UP-R, UP-B and UP-D) 
prior to curing were prepared by adding 20 wt. % RDP, 20 wt. % BADP, and 10 wt. % of 
DOPO as mentioned in Chapter 3, Section 3.6.3. The DSC curves of uncured UP, UP-R, 
UP-B and UP-D in Figure 5.1 show an exothermic curing reaction in each case. The 
details of the DSC exothermic curves such as Tonset, Tpeak, Tfinish and heat of reaction of UP 
with and without FRs are reported in Table 5.1. As an example, Figure 5.1 shows the UP-
R curve up to 250 
o
C; the Tonset  (68 
o
C) of the exotherm represents the starting temperature 
of the curing reaction of UP-R and Tpeak (84
 o
C) the temperature at the peak of the 
exotherm. The heat of reaction is 222 J/g (for UP it is 282 J/g). From Figure 5.1, it is 
observed that the UP-B and UP-D samples have additional small exothermic shoulder 
peaks at 127
 o
C and 205 
o
C respectively, indicating that these samples need higher post 
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cure temperatures for the complete curing of samples. It can be seen from Figure 5.1 also 
that for UP samples containing FRs, high final post-cure temperatures (up to 205 
o
C) are 
required to get completely cured cast resin samples. 
 
 
Figure 5.1 DSC curves of uncured UP, UP-R, UP-B and UP-D resins 
 
Table 5.1 Analyses of DSC curves of uncured resins of UP with and without FRs 
Sample ID 
Exotherm curve  
Tonset  (
o
C) Tpeak (
o
C) Tfinish (
o
C) Heat of reaction (J/g) 
UP 30 82 146 282 
UP-R 68 84 144 228 
UP-B 33 74,127 (s) 134 140 
UP-D 50 87, 205 (s) 122 240 
 
Note: s- indicates the small shoulder peak.  
 
5.1.2 Resole phenolic resins (Res-PH) with FRs 
Figure 5.2 shows the DSC curves of uncured resins of Res-PH with flame retardants. The 
resole phenolic resins of PH2 (ethanol based), PH3 (epoxy functionalised) and PH4 (allyl 
functionalised) show both endothermic (solvent evaporation/condensation polymerisation 
in resoles) as well as exothermic (curing) reactions [1]. Figure 5.2 a), b) and c) show the 
DSC curves of uncured PH2, PH3 and PH4 with and without FRs respectively and their 
analyses are given in the Table 5.2. 
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Figure 5.2 DSC curves of uncured resins with and without FRs of a) PH2 b) PH3 and 
C) PH4 
 
From Figure 5.2 a) and b), the exothermic Tpeak has been shifted to higher temperature in 
PH2 with FRs and PH3 with FRs compared with those of PH2 and PH3 alone (See Table 
5.2), indicating that the resins with added FRs (PH2 with FRs and PH3 with FRs) may 
need slightly higher post cure temperatures than those of PH2 and PH3 without FR. In 
Figure 5.2 c), unlike DSC results of PH2 with FRs and PH3 with FRs, PH4 with FRs does 
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not show a big shift in Tpeak for the curing exotherm compared with that of PH4 alone; the 
exothermic Tpeak of PH4, PH4-R, PH4-B and PH4-D are 224, 221, 220 and 230 
o
C, 
respectively (see Table 5.2). This indicates that PH4 with FRs can be cured under similar 
conditions to those used for PH4 alone. 
 
Table 5.2 Analyses of DSC curves of uncured resins of Res-PH with and without FRs 
Sample ID 
Endotherm curve (
o
C) Exotherm curve (oC) 
Tpeak Tonset Tpeak Tfinish 
PH2 99 123 139 158 
PH2-R 134 148 195 244 
PH2-B 97 135 201 297 
PH2-D 118 127 166 245 
PH3 74 99 173 257 
PH3-R 142 154 203 234 
PH3-B 144 154 201 239 
PH3-D 85,119 139 208 238 
PH4 - 180 224 285 
PH4-R - 178 221 275 
PH4-B - 182 220 277 
PH4-D - 187 230 277 
 
5.1.3 UP/Res-PH resin blends with FRs  
Figure 5.3 a) shows the DSC curves of uncured UP/PH2:70/30 blended resins with and 
without FRs. The analyses of the DSC peaks are listed in Table 5.3. From Figure 5.3 a), 
the DSC curve of UP/PH2:70/30 blended resins with FRs show two exothermic peaks, the 
first exothermic peak is from the UP curing and the second exothermic corresponds to the 
curing of resole phenolic resin component in the blend, as explained in Chapter 4, Section 
4.1. 
 
The endothermic curve in the uncured blend without FRs is masked or has disappeared in 
the uncured UP/PH2:70/30 resin blends with FRs (see Figure 5.3 a)). It can be seen from 
Table 5.3 that UP/PH2:70/30-R (second exothermic Tpeak = 198 
o
C), UP/PH2:70/30-B 
(second exothermic Tpeak = 207 
o
C) samples can have similar final post-cure temperatures 
as UP/PH2:70/30 (second exothermic Tpeak = 197 
o
C). However, UP/PH2:70/30-D (second 
exothermic Tpeak = 169 and 274 
o
C) needs higher final post-cure temperatures than that of 
UP/PH2:70/30. 
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Figure 5.3 DSC curves of uncured resin blends of UP/Res-PH with and without FRs 
of a) UP/PH2:70/30 and a1) UP/PH2:50/50, b) UP/PH3:70/30 and b1) UP/PH3:50/50, 
c) UP/PH4:70/30 and c1) UP/PH4:50/50 
 
Figure 5.3 a1) shows the DSC curves of uncured UP/PH2:50/50 blended resins with and 
without FRS and their DSC analyses are listed in Table 5.3. From Table 5.3, the 
UP/PH2:50/50-R (second exothermic Tpeak = 205 
o
C), UP/PH2:50/50-B (second 
exothermic Tpeak = 204 
o
C) and UP/PH2:50/50-D (second exothermic Tpeak = 190 
o
C) 
samples can have similar final post-cure temperatures as UP/PH2:50/50 (second 
exothermic Tpeak 188 
o
C).  
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Table 5.3 Analyses of DSC curves of uncured resins of UP/Res-PH blends  with and 
without FRs 
Sample ID 
 
Exotherm curve 1 (
o
C) Exotherm curve 2 (oC) 
Tpeak Tonset Tpeak Tfinish 
UP/PH2:70/30 118 (endo) 151 194 213 
UP/PH2:70/30-R 108 (endo) 117 198 248 
UP/PH2:70/30-B 90 117 207 243 
UP/PH2:70/30-D 98 134 169,274 300 
UP/PH2:50/50 103 117 188 249 
UP/PH2:50/50-R 73 164 205 300 
UP/PH2:50/50-B 75 123 204 300 
UP/PH2:50/50-D 95 123 190 300 
UP/PH3:70/30 118 138 201 233 
UP/PH3:70/30-R 127 151 204 234 
UP/PH3:70/30-B 131 148 209 255 
UP/PH3:70/30-D 103 126 162,264 298 
UP/PH3:50/50 105,141(endo) 149 188 232 
UP/PH3:50/50-R 117 156 204 235 
UP/PH3:50/50-B 115 141 207 255 
UP/PH3:50/50-D 105 123 153,263(s) 300 
UP/PH4:70/30 109 170 223 265 
UP/PH4:70/30-R 107 169 221 269 
UP/PH4:70/30-B 111 191 227 270 
UP/PH4:70/30-D 91 126 220 286 
UP/PH4:50/50 66 158 220 253 
UP/PH4:50/50-R 68 172 214 282 
UP/PH4:50/50-B 72 179 224 280 
UP/PH4:50/50-D 66, 95 (s) 128 216 276 
 
Note: (endo) indicates an endothermic peak and (s) indicates a peak shoulder  
 
Figure 5.3 b) and b1) show the DSC curves of uncured UP/PH3:70/30 and UP/PH3:50/50 
blended resins with and without FRs. The UP/PH3:70/30 with FRs show similar trends as 
UP/PH2:70/30 blends with FRs i.e., UP/PH3:70/30-R and UP/PH2:70/30-B samples can 
have similar final post-cure temperatures as UP/PH3:70/30 except UP/PH3:70/30-D 
samples, which need a higher post cure temperature. UP/PH3:50/50 with FRs also show 
similar trends as UP/PH3:70/30 with FRs (see Table 5.3). 
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The UP/PH4 blended samples with FRs can have similar final post-cure temperatures as 
UP/PH4 blended samples (see Figure 5.3 c) and c1), Table 5.3)) because the second 
exothermic Tpeak is similar in all of the UP/PH4 samples. The completely cured samples of 
all resins showed flat lines in the DSC results. 
 
The above DSC results gave an indication that the PH2 resins and PH3 resins with FRs 
can be cured under slightly higher post cure temperatures than those of the respective neat 
resins. Unlike PH2 and PH3, PH4 with FRs can be cured under similar post temperatures 
as PH4. The UP/Res-PH blends with FRs can be cured under same curing conditions as 
blended resins without FRs; however UP with FRs require higher curing temperatures 
than UP alone (see Figure 5.1). 
 
5.2 Establishment of optimum curing conditions for UP, Res-PH and 
their blends with FRs 
The optimum curing conditions for the above samples, previously estimated with the help 
of above DSC results, are listed in the Table 5.4. These optimum curing conditions were 
established by a process of trial and error so as to accommodate (a) initial evaporation of 
any solvent prior to significant cure (so as not to produce voids in the final cured product, 
such as can be clearly seen in Figure 5.4 a)), (b) the relatively low temperature radical 
curing/co-curing stage for the UP, and (c) the final higher temperature co-condensation of 
any residual methylol groups in the resole and, in so-doing, to obtain a rigid, visibly 
homogeneous product (see Figure 5.4 b)) with optimised physical and mechanical 
properties [2].  
 
It can be seen from Table 5.4 that for UP samples containing FRs, long cure times and 
high final post-cure temperatures (up to 160 C in the case of UP-R) were required in 
order to obtain a satisfactory product, i.e. one that was rigid and non-tacky. All blends of 
UP with resoles also required long cure times and high final post-cure temperatures. 
However, for blends containing RDP and BADP, the final post cure temperatures were 
required to be no higher than those required in the absence of FRs (160 C), whereas when 
DOPO was used as the FR, a final post-cure temperature of 180 C was necessary.  
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Table 5.4 Optimised curing conditions for UP, UP/Res-PH and Res-PH resins with 
and without FRs 
Sample 
No. 
System Optimised curing conditions  
1 UP RT 24 h, 80˚C 6 h 
2 UP-R RT 24 h, 80˚C 6 h, 120˚C 2 h, 160˚C 2 h 
3 UP-B RT 24 h, 80˚C 6 h, 120˚C 2h, 140 ˚C 2 h 
4 UP-D RT 24 h, 80˚C 6 h, 100˚C 2 h, 120˚C 3 h 
5 UP/PH2:70/30 50˚C 6 h, 80˚C 24 h, 90˚C 9 h, 130˚C 1 h, 160˚C 1 h 
6 UP/PH2:70/30-R Same as No. 5 
7 UP/PH2:70/30-B 50˚C 6 h, 80˚C 24 h, 90˚C 9 h , 100˚C 3 h, 130˚C 1 h, 160˚C 1 h 
8 UP/PH2:70/30-D 50˚C 6 h, 80˚C 12 h, 90˚C 8 h , 110˚C 6 h, 130˚C 6 h, 150˚C 2 h, 
180˚C 2 h 
9 UP/PH2:50/50 80˚C 24 h, 100˚C 1 h, 130˚C 1 h, 160˚C 1 h 
10 UP/PH2:50/50-R Same as No. 9 
11 UP/PH2:50/50-B Same as No. 9 
12 UP/PH2:50/50-D 50˚C 6 h, 80˚C 12 h, 90˚C 8 h , 100˚C 6 h, 130˚C 3 h, 150˚C 2 h, 
  180˚C 2 h 
13 PH2 50˚C 6 h, 80˚C 12 h, 160˚C 3 h 
14 PH2-R 50˚C 18 h, 80˚C 24 h, 100˚C 3 h, 130˚C 1 h, 160˚C 1 h 
15 PH2-B Same as No. 14 
16 PH2-D Same as No. 12 
17 UP/PH3:70/30 50˚C 6 h, 70˚C 8 h, 80˚C 8 h, 100˚C 6 h, 130˚C 2 h, 160˚C 2 h 
18 UP/PH3:70/30-R Same as No. 17 
19 UP/PH3:70/30-B Same as No. 17 
20 UP/PH3:70/30-D 50˚C 6 h, 70˚C 12 h, 90˚C 8 h, 110˚C 6 h, 130˚C 6 h, 150˚C 2 h, 
180˚C 2 h 
21 UP/PH3:50/50 Same as No. 17 
22 UP/PH3:50/50-R Same as No. 17 
23 UP/PH3:50/50-B Same as No. 17 
24 UP/PH3:50/50-D 50˚C 6 h, 80˚C 12 h, 90˚C 8 h, 110˚C 6 h, 130˚C 6 h, 150˚C 2 h, 
180˚C 2 h 
25 PH3 Same as No. 17 
26 PH3-R Same as No. 25 
27 PH3-B Same as No. 25 
28 PH3-D Same as No. 24 
29 UP/PH4:70/30 50˚C 6 h, 80˚C 12 h, 100˚C 8 h, 120˚C 6 h, 130˚C 6 h, 150˚C 2 h, 
180˚C 2 h 
30 UP/PH4:70/30-R Same as No. 29 
31 UP/PH4:70/30-B Same as No. 29 
32 UP/PH4:70/30-D Same as No. 24 
33 UP/PH4:50/50 50˚C 6 h, 80˚C 12 h,100˚C 8 h, 120˚C 6 h, 130˚C 6 h, 150˚C 2 h, 
190˚C 2 h 
34 UP/PH4:50/50-R Same as No. 33 
35 UP/PH4:50/50-B Same as No. 33 
36 UP/PH4:50/50-D Same as No. 24 
37 PH4 100˚C 8 h, 120˚C 6 h, 130˚C 6 h, 150˚C 2 h, 180˚C 2 h, 220 ˚C 3 h 
38 PH4-R Same as No. 38 
39 PH4-B Same as No. 38 
40 PH4-D Same as No. 24 
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Figure 5.4 Cured cast resin samples of UP/PH3:50/50 with 20 % of RDP FR resin 
from different curing regimes 
 
5.3 Compatibility study between the resins in UP/Res blends with and 
without FRs by DMTA 
The thermo mechanical properties of the cured cast resin samples were studied using 
DMTA. DMTA results are also used to assess the compatibility between the resin 
components in the blended resins as explained in the Chapter 4.  
 
5.3.1 Tan delta 
Figure 5.5 a) shows the Tan δ vs. temperature curves of cured UP with and without FRs. 
The Tg values from the Tan δ curves are listed in the Table 5.5.  
 
Figure 5.5 Tan δ vs. temperature curves of cured resins with and without FRs of a) 
UP, b) UP/PH2, c) UP/PH3 and d) UP/PH4 
 
UP
UP-R
UP-B
UP-D
UP/PH2:70/30
UP/PH2:70/30-R
UP/PH2:70/30-D
UP/PH2:70/30-B
UP/PH3:70/30-R
UP/PH3:70/30-B
UP/PH3:70/30
UP/PH3:70/30-D
UP/PH4:70/30
UP/PH4:70/30-R
UP/PH4:70/30-D
UP/PH4:70/30-B
a) b)
c) d)
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The Tg of UP is 94 
o
C and for UP-R the Tg is 88 
o
C. The UP-B shows two Tg values, one at 
82 
o
C and another small peak at 164 
o
C. However the UP-D shows a single Tg at 74
 o
C. 
The lower value of Tgs of UP containing FRs, indicates the plasticising effect of FRs on 
pure UP resin [3] (see Table 5.5). The Res-PH samples with and without FRs were brittle 
in nature, DMTA tests on these samples could not be performed, they broke while fixing 
the samples between the cantilever jaws during tightening them for DMTA testing. 
 
The UP/PH2:70/30 shows two Tgs (149
 o
C, 235 
o
C) because of the incompatibility 
between the UP and PH2 as explained in the Chapter 4. The UP/PH2:70/30 with FRs 
similarly show two Tg values, which are lower than those of UP/PH2:70/30 alone (see 
Table 5.5). 
 
Table 5.5 Tg and storage modulus values for UP and UP/Res-PH blends with and 
without FRs from DMTA results 
Sample ID Tg (peak max of Tan δ) (
O
C) Storage modulus at 40 OC (MPa) 
UP 94 2657 
UP-R 88 2104 
UP-B 82, 164 1447 
UP-D 74 402 
UP/PH2:70/30 149, 235 1882 
UP/PH2:70/30-R 82, 195 1132 
UP/PH2:70/30-B 87, 179 1561 
UP/PH2:70/30-D 105, 214 1407 
UP/PH3:70/30 105 2541 
UP/PH3:70/30-R 53 354 
UP/PH3:70/30-B 98 1533 
UP/PH3:70/30-D 105, 183 812 
UP/PH4:70/30 114 2306 
UP/PH4:70/30-R 83 1503 
UP/PH4:70/30-B 105 1561 
UP/PH4:70/30-D 109 1941 
UP/PH2:50/50 92, 197 679 
UP/PH2:50/50-R 92, 243 1190 
UP/PH2:50/50-B 94, 234 1155 
UP/PH3:50/50 121 2719 
UP/PH3:50/50-R 105 1763 
UP/PH3:50/50-B 103 2118 
UP/PH4:50/50 119 3167 
UP/PH4:50/50-R 119 1856 
UP/PH4:50/50-B 
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The UP/PH2:50/50 blends with FRs show slightly different behaviour than the samples of 
UP/PH2:70/30 with FRs (see Table 5.5). The second Tg values (243
 o
C, 234 
o
C) are higher 
than that of the UP/PH2:50/50 (197
 o
C). This might be because of the higher phenolic 
content. The UP/Res-PH:50/50-D samples were very brittle and it was not possible to 
conduct DMTA tests on them. 
 
From Figure 5.5 c), the Tg of UP/PH3 blends with FRs are lower than that of UP/PH3 
without FRs in the case of RDP and BADP (see Table 5.5). From the above results, it is 
observed that the RDP has more plasticising effect than BADP and DOPO on 
UP/PH3:70/30 blends. From Figure 5.5 d), it can be seen that unlike in other blended 
samples such as UP/PH2 and UP/PH3, the difference between the Tg values of UP/PH4 
with FRs and without FRs is very small, indicating the lower plasticising effect of FRs on 
UP/PH4 blends (see Table 5.5). 
 
5.3.2 Storage modulus 
Figure 5.6 a) shows the storage modulus vs. temperature curves of cured UP with and 
without FRs. The storage modulus of cured resins of UP with FRs are lower than that of 
UP (2657 MPa) (see Table 5.5). The lower Tgs UP with FRs. is probably due to a 
plasticising effect of FRs in the resin [4].  
 
From Figure 5.6 b)-d), it is noticed that cured UP/Res-PH blends with FRs show lower 
storage modulus values than those of their respective counterparts without FRs at 40 
o
C, 
and that when the temperature increases the storage modulus decreases more rapidly in 
UP/Res-PH with FRs than in UP/Res-PH without FR (see Table 5.5). This also is probably 
due to the plasticising effect of FRs in the blended resins (see Table 5.5). 
 
Another reason for the reduction in modulus caused by the FRs might be their voluminous 
chemical structure, which causes steric hindrance during curing and thereby a lowering of 
cross link density in the resultant polymer chain, resulting in lower storage modulus and 
lower Tgs [4, 5].  
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Figure 5.6 Storage modulus vs. temperature curves of cured resins with and without 
FRs of a) UP, b) UP/PH2, c) UP/PH3 and d) UP/PH4 
 
The storage modulus values at 40 
o
C are in the following order in UP/PH2 and UP/PH3 
blends: BADP > DOPO > RDP. The order in the UP/PH4 blends is DOPO > BADP > 
RDP. This difference in order may arise, in the case of UP/PH4 blends, from a chemical 
reaction between the P-H bonds in DOPO and the allyl groups in PH4 leading to the 
DOPO being chemically bound into the resin matrix to some extent, hence contributing to 
its mechanical properties and acting less like a plasticiser than RDP and BADP.  
 
5.4 Morphology of cured UP, Res-PH and UP/Res-PH blends by scanning 
electron microscopy (SEM)  
The morphologies of cured cast resin samples of UP, Res-PH and UP/Res-PH blends were 
examined by scanning electron microscopy (SEM) to evaluate any phase separation. 
Figure 5.7 shows the images of fractured surfaces of the cured cast resin samples of UP 
and Res-PH with and without FRs. The neat resins (with no FR) show relatively smooth 
and uniform fracture surfaces as expected in view of the homogeneity of these materials, 
UP
UP-R
UP-B
UP-D
UP/PH2:70/30
UP/PH2:70/30-B
UP/PH2:70/30-D
UP/PH2:70/30-R
UP/PH3:70/30
UP/PH3:70/30-D
UP/PH3:70/30-B
UP/PH3:70/30-R
UP/PH4:70/30
UP/PH4:70/30-B
UP/PH4:70/30-R
UP/PH4:70/30-D
a)
b)
c)
d)
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explained in the Section 4.5 (Chapter 4). From Figure 5.7, it is observed that the fractured 
surfaces of the UP and PH2, PH3 and PH4 with FRs show no evidence of phase 
separation. The dispersion of FRs within neat resins is good because two of the FRs are 
liquid (RDP and BADP) and the other (DOPO) a solid with low melting point. 
 
From Figure 5.8 it can be seen that fractured surfaces of UP/PH2 with FRs are slightly 
rougher than those of UP/PH3 and UP/PH4 with FRs. The UP/PH4:50/50 and 
UP/PH3:50/50 with FRs form well dispersed and homogeneous materials without 
significant phase separation, and in this respect better than UP/PH2 50/50 with the FRs. 
This is supported by the results of DMTA analysis (see Chapter 5, Section 5.3.2). 
 
Figure 5.7 SEM photomicrographs of fracture surfaces of UP, PH1, PH2, PH3 and 
PH4 with and without FRs at 20 µm 
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Figure 5.8 SEM photomicrographs of fractured surfaces of UP/Res-PH:50/50 samples 
with and without FRs at 20 µm 
 
5.5 Thermal stability 
5.5.1 Behaviour of cured UP and Res-PH with and without FRs in air 
In order to better understand the influence of the added FRs on the thermal stability, 
thermo-oxidative stability and on the degradation behaviour of cured UP, the various Res-
PH and their blends with UP, TGA tests in air and nitrogen atmosphere have been carried 
out. Plots of mass loss as a function of temperature for cured UP and Res-PH samples with 
and without FRs and also for pure FRs in air are shown in Figures 5.9 and respective DTG 
curves in 5.10. The results of TGA together with DTG (differential thermo gravimetric 
analysis) data are tabulated in Table 5.6. 
 
From Figure 5.9 a), where UP has the T10% of 310 
o
C, UP-R and UP-B show higher T10%  
values of 327
 o
C and 334
 o
C respectively as opposed to UP-D (294 
o
C). The onset of 
degradation temperature of the DOPO (T10% =251
 o
C) is lower that of UP (see Figure 
5.9e)). However, the mass loss of UP-D at higher temperature (> 400 
o
C) is significantly 
less than that of pure UP (see Figure 5.9 a)). This indicates that DOPO contributes to a 
condensed phase flame retardant mechanism with UP. However, UP-R and UP-B show 
lower mass losses than UP-D at upto 450 
o
C with high residues at 650 
o
C of 3.7 % and 2.5 
% respectively (UP is 0.5 %) (see Figure 5.9a) and Table 5.6). However, the char residue 
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at 650 
o
C for UP-D is 0.8 %, indicating that DOPO is not especially effective in UP as a 
condensed phase flame retardant, although any char will have oxidised at 650 
o
C. 
 
 
Figure 5.9 TGA curves of cured UP, Res-PH resins with and without FRs and pure 
FRs in air 
 
From Figure 5.9 b), it is observed that cured blends of PH2 with FRs show similar trends 
as UP with FRs (see Table 5.6). It can be seen from Figure 5.10 b) that in all cases 
addition of FR to the PH2 leads to greatly increased mass loss over the temperature range 
435 to 595 C and that above 595 C, only RDP and BADP produce significant reductions 
in mass loss. From this, it is concluded that the additions of the FRs to PH2 make it 
slightly more thermally stable and oxidatively resistant above 595 C. 
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Table 5.6 TGA-DTG analysis of cured cast resins of UP and Res-PH with FRs in air 
Sample 
T10% 
(
o
C) 
T50%  
(
o
C) 
T100% 
(
o
C) 
Char at 
650 
o
C 
(%) 
Temp 
range (
o
C) 
Mass 
loss (%) 
DTG max (
o
C)  
UP-R 327 369 712 3.4 RT-183 0.3 
 
     
183-435 88.6 375 
     
435-712 9.2 562 
UP-B 334 384 719 2.5 RT-183 0.7 
 
     
183-456 90.5 398 
     
456-719 6.7 572 
UP-D 294 361 667 0.8 RT-183 2.8 
 
     
183-435 89.7 355 
     
435-667 9.5 553 
PH2-R 396 603 881 40.8 RT-315 5.6 
 
     
315-422 6.9 328,371(s) 
     
422-567 32.5 443,471(s),490 (s) 
     
567-881 48.0 713 
PH2-B 399 598 846 35.5 RT-315 5.6 
 
     
315-399 7.8 382 
     
399-564 34.5 435,456(s),492 (s) 
     
564-846 50.4 628 
PH2-D 261 603 761 30.4 RT-234 8.1 
 
     
234-429 12.3 389 
     
429-549 21.9 496 
     
549-761 53.8 633 
PH3-R 333 585 804 41.7 RT-246 5.5 
 
     
246-358 6.5 291 
     
358-568 36.4 385 
     
568-804 46.3 712 
PH3-B 363 540 798 34.5 RT-268 5.2 
 
     
268-526 43.3 402 
     
526-798 47.6 704 
PH3-D 294 586 756 29.8 RT-214 4.4 
 
     
214-327 7.6 291 
     
327-447 7.2 387 
     
447-545 24.8 507 
     
545-756 53.1 682 
PH4-R 381 506 849 34.3 RT-330 4.2 
 
     
330-537 48.4 384 
     
537-849 43.5 709 
PH4-B 380 480 791 30.6 RT-341 4.6 
 
     
341-533 51.6 382,420(s) 
     
533-791 39.9 701 
PH4-D 419 575 823 33.5 RT-362 7.0 
 
     
362-567 42.0 446,526(s) 
     
567-823 43.7 677 
 
 Note: In the above table, Tx% represents the temperature at which x% mass loss has occurred; T10% 
is taken to represent roughly the onset temperature of degradation. 
 
In the case of PH3 (Figure 5.9c)), the same trend is observed as with PH2-R and PH2-B; 
from 400 to 600 C the addition of RDP and BADP leads to increased mass loss as does 
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the addition of DOPO although to a lesser extent. All FRs produce significant reduction in 
mass losses above 600 C and render PH3 more thermally stable than is the case without 
FR. 
 
 
Figure 5.10 DTG curves of cured UP, Res-PH resins with and without FRs and pure 
FRs in air 
 
The behaviours of PH4 with and without added FRs (Figure 5.9 d)) are different to those 
of PH2 and PH3. In PH4, mass loss occurs in two stages between about 350 and 620 C. 
But in PH4-R, PH4-B and PH4-D, mass loss occurs in two more widely separated stages 
with significant mass remaining above 620 C. In PH4, no char remains above 650 C 
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unless FR is present; so it could be said that in PH4, the FRs help significantly in char 
formation (condense phase mechanism) and increases its oxidative stability (see Figure 
5.9 and 5.10). 
 
From the above results, it is concluded that the mass loss curves for cured UP with the 
various FRs are similar to that for UP with no added FR, with only marginal increases in 
char when FR is present (see Figure 5.9 a)). However, for cured PH2, PH3 and PH4, 
introduction of FRs leads to significantly increased char formation (see Figure 5.9 a), b) 
and c)). The FRs are more effective in PH4 than they are in PH2 and PH3 [2]. 
 
5.5.2 UP/Res-PH blends with FRs in air 
TGA mass loss curves in air for 70/30 blends of UP/PH2, UP/PH3 and UP/PH4 with and 
without added FRs are shown in Figure 5.11 a1), b1) and c1) and results are listed in Table 
5.7. It can be seen from Figure 5.11 a1) that in all cases addition of FRs to the 
UP/PH2:70/30 co-cured blend leads to greatly increased mass loss over the temperature 
range 350 to 600 C and that above 600 C, only RDP and DOPO produce significant 
increases in residual mass. 
 
For the UP/PH3:70/30 blends (Figure 5.11 b1)), UP/PH3:70/30-R has the greatest mass 
loss below 400 C; however all FRs produce significant reduction in mass loss in 
UP/PH3:70/30 (indicative of a condensed phase mechanism) above 400 C. 
 
The behaviours of the UP/PH4:70/30 blends with and without added FRs (Figure 5.11 c1)) 
are similar to those of UP/PH3:70/30. However, in this blend no char remains above 600 
C unless FR is present; so it could be said that in UP/PH4:70/30, added FRs can 
effectively improve char formation and increase thermal stability (see Table 5.7). 
 
The effects of the FRs on mass loss under air are more clearly seen in Figure 5.11 a2), b2) 
and c2) in which the mass loss data for the resin blends without FRs have been subtracted 
from those recorded with FRs.  
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Figure 5.11 TGA mass loss curves (a1, b1 & c1) and TGA weight loss difference 
curves, i.e., mass loss for blend with FR minus mass loss for blend without FR, (a2, b2 
& c2) in air for co-cured UP/Res-PH:70/30 with and without FRs 
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Table 5.7 TGA analysis of cured cast resins of UP/ Res-PH blends with and without 
FRs in air 
Sample T10% (
o
C) T50%  (
o
C) T100%  (
o
C) Char at 650 oC (%) 
UP/PH2:70/30 316 441 684 6.7 
UP/PH2:70/30-R 310 376 785 17.6 
UP/PH2:70/30-B 319 396 728 7.2 
UP/PH2:70/30-D 306 399 725 17.6 
UP/PH2:50/50 296 544 696 11.2 
UP/PH2:50/50-R 308 488 714 21.5 
UP/PH2:50/50-B 294 451 716 16.6 
UP/PH2:50/50-D 270 454 746 21.1 
UP/PH3: 70/30 310 393 640 0 
UP/PH3: 70/30-R 299 367 738 19.7 
UP/PH3: 70/30-B 301 392 735 16.8 
UP/PH3: 70/30-D 295 393 725 21.4 
UP/PH3:50/50 309 416 686 5.8 
UP/PH3:50/50-R 296 386 801 25.2 
UP/PH3:50/50-B 309 409 747 19.5 
UP/PH3:50/50-D 242 417 737 22.4 
UP/PH4:70/30 326 406 642 0.63 
UP/PH4:70/30-R 326 389 723 13.6 
UP/PH4:70/30-B 336 407 718 15.4 
UP/PH4:70/30-D 307 413 722 16.4 
UP/PH4:50/50 338 440 598 0 
UP/PH4:50/50-R 330 422 749 23.6 
UP/PH4:50/50-B 334 442 778 19.9 
UP/PH4:50/50-D 297 449 741 16.2 
 
TGA mass loss curves in air for UP/Res-PH:50/50 blends of UP/PH2, UP/PH3 and 
UP/PH4 with and without added FRs shown in Figure 5.12 a1), b1) and c1) and results are 
listed in Table 5.7. It can be seen from Figure 5.12 a1) that in all cases addition of FRs to 
the UP/PH2:50/50 co-cured blend leads to greatly increased mass loss over the 
temperature range 350 to 600 C similar to UP/PH2:70/30 blends and that above 600 C, 
all of the three FRs produce slight increases in char. Figure 5.12 b1), UP/PH3:50/50-R and 
UP/PH3:50/50-D have shown higher mass loss at temperatures below 400 C; all FRs 
produce significant increases in char above 400 C compared with UP/PH3:50/50 without 
FR. The behaviours of the UP/PH4:50/50 blends with and without added FRs (Figure 5.12 
c1)) are similar to those of UP/PH4:70/30.  
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Figure 5.12 TGA mass loss curves (a1, b1 & c1) and TGA mass loss difference curves, 
i.e., mass loss for blend with FR minus mass loss for blend without FR, (a2, b2 & c2) 
in air for co-cured UP/Res-PH:50/50 with and without FRs 
 
The effects of the FRs on mass loss under air are more clearly seen in Figure 5.12 a2), b2) 
and c2) in which the mass loss data for the resin blends without FRs have been subtracted 
from those recorded with FRs. 
 
From Figure 5.12 a2) it is observed that the cured samples of UP/PH2:50/50 blends with 
FRs show significant mass loss upto 460, 545 and 585 C with RDP, BADP and DOPO 
respectively and above those temperatures, there is some small reduction in mass loss (i.e. 
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marginal improvement in the thermal stability of UP/PH2 blends by the FRs). The 
UP/PH3:50/50 with FRs (Figure 5.12 b2)), show significant mass loss below 425, 490, and 
375 C with RDP, BADP and DOPO respectively and above those temperatures there is 
significant reduction in mass loss was observed (i.e. significant improvement in the 
thermal stability of UP/PH3:50/50 blends by the FRs). The behaviour of UP/PH4:50/50 
with FRs (Figure 5.12 c2)) is similar to UP/PH3:50/50 blends with FRs in terms of thermal 
stability. The UP/PH4:50/50 with FRs (Figure 5.12 c2)), show significant mass loss below 
430, 460 and 405 C with RDP, BADP and DOPO respectively and above those 
temperatures the mass loss is significantly reduced consistent with a condensed phase 
mechanism of flame retardance  and subsequent char oxidation (see Table 5.7).  
 
From the above, it is concluded that the FRs are relatively ineffective with UP/PH2 in 
terms of improvement in the thermal stability compared with the UP/PH3 and UP/PH4 
blends. The FRs are most effective with the most compatible resin blend system of 
UP/PH4 in terms of improvement in thermal stability. 
 
5.6 Flammability behaviour study  
5.6.1 Limiting oxygen index (LOI) 
The LOI values of pure UP, Res-PH and UP/Res-PH blends with and without FRs are 
listed in Table 5.8 along with the ΔLOI values (LOI of sample – LOI of UP) and also with 
the percentage change with respect to UP LOI values. The LOI of UP-R (22.7 %) is 
highest among the samples of UP containing FRs (UP-B = 21.3 and UP-D = 20.6 %) 
whereas the pure UP without FRs gives the LOI =17.9 % (see Figure 5.13 a)).  
 
The interaction between the UP and Res-PH in their blends and their improved 
flammability behaviour have already been discussed in the Chapter 4. In order to 
investigate the effect of added FRs in UP/Res-PH blends on their flammability behaviour, 
the ΔLOI values vs. of phenolic content for UP/Res-PH blends with and without FR 
samples are shown in Figure 5.13 a-c). 
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Figure 5.13 ΔLOI % vs. Phenolic content (wt. %) for the samples with and without 
FRs 
 
From Figure 5.13 a), it is noted that the blends of UP/PH2:70/30 and 50/50 with FRs show 
the following order of flame retardancy, 
 
RDP > BADP > DOPO 
 
 
From Figure 5.13 b) and c) it is observed, there is same order of flame retardancy 
improvement in the blended samples of UP/PH3 and UP/PH4 with FRs as in UP/PH2 
blends with FRs. UP/PH4 blends with FRs and UP/PH3 blends with FRs show higher 
percentages of improvement in the flame retardancy on the basis of LOI values (see 
Figure 5.13 and the Table 5.8). 
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Table 5.8 LOI of cured cast resins of UP, Res-PH and UP/Res-PH blends with and 
without FRs 
Sample ID LOI (%) ∆ LOI 
Increase in LOI w.r.t. UP 
(%) 
UP 17.9 0 0 
UP-R 22.7 4.8 26.8 
UP-B 21.3 3.4 19.0 
UP-D 20.6 2.7 15.1 
UP/PH2:70/30 19.5 1.6 8.9 
UP/PH2:70/30-R 23.9 6 33.5 
UP/PH2:70/30-B 22.1 4.2 23.5 
UP/PH2:70/30-D 21.7 3.8 21.2 
UP/PH2:50/50 19.8 1.9 10.6 
UP/PH2:50/50-R 24.1 6.2 34.6 
UP/PH2:50/50-B 22.2 4.3 24.0 
UP/PH2:50/50-D 21.9 4 22.3 
PH2 23 5.1 28.5 
PH2-R 25.2 7.3 40.8 
PH2-B 25.4 7.5 41.9 
PH2-D 24.3 6.4 35.8 
UP/PH3: 70/30 18.7 0.8 4.5 
UP/PH3: 70/30-R 24.2 6.3 35.2 
UP/PH3: 70/30-B 22.6 4.7 26.3 
UP/PH3: 70/30-D 21.6 3.7 20.7 
UP/PH3:50/50 19.7 1.8 10.1 
UP/PH3:50/50-R 24.5 6.6 36.9 
UP/PH3:50/50-B 23 5.1 28.5 
UP/PH3:50/50-D 21.8 3.9 21.8 
PH3 23.1 5.2 29.1 
PH3-R 25.4 7.5 41.9 
PH3-B 24.8 6.9 38.5 
PH3-D 24.6 6.7 37.4 
UP/PH4:70/30 19 1.1 6.1 
UP/PH4:70/30-R 24.5 6.6 36.9 
UP/PH4:70/30-B 23.6 5.7 31.8 
UP/PH4:70/30-D 21.3 3.4 19.0 
UP/PH4:50/50 19.6 1.7 9.5 
UP/PH4:50/50-R 24.8 6.9 38.5 
UP/PH4:50/50-B 23.9 6 33.5 
UP/PH4:50/50-D 22.1 4.2 23.5 
PH4 22.2 4.3 24.0 
PH4-R 25.7 7.8 43.6 
PH4-B 25.5 7.6 42.5 
PH4-D 26.8 8.9 49.7 
 
  Note: Probable error in LOI values is ±0.2 
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5.6.2 Cone calorimetry 
The cone calorimetric tests on cured cast resins of UP, Res-PH and their blends with and 
without FRs were evaluated at 50 kW/m
2
 heat flux. Figure 5.14 a)-d) show the heat release 
rate (HRR) vs. time curves for  cured cast resin samples of UP, PH2, PH3 and PH4 with 
and without FRs while all derived parameters, are given in Tables 5.9, 5.10 and 5.11. 
 
 
Figure 5.14 HRR vs. time curves for UP, PH2, PH3 and PH4 with and without FRs 
cast resins at 50 kW/m
2
 external heat flux 
 
The data for blends with no added FRs have been presented previously in Chapter 4, 
Section 4.8.2 but are presented again here in Tables 5.9-5.11 and Figures 5.14-5.16 for the 
purposes of comparison. As discussed before, the cured PH2, PH3 and PH4 are all 
significantly less flammable in terms of lower PHRR, THR and TSR and higher residues 
than cured UP, and those additions of PH2, PH3 and PH4 to UP all produce significant 
improvements in flame retardancy.  
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Table 5.9 Cone calorimetric parameters for cured UP, cured PH2 and co-cured 
UP/PH2 blends, with and without FRs 
System 
TTI 
(s) 
FO 
(s) 
PHRR 
(kW/m²) 
THR 
(MJ/m
2
) 
TSR 
(m²/m²) 
Residue 
(%) 
UP 40 178 1050 79 4090 1 
UP-R 49 131 840 44 5430 2 
UP-B 48 150 800 53 6230 6 
UP-D 44 148 850 54 6130 1 
UP/PH2:70/30 31 178 668 59 2307 25 
UP/PH2:70/30-R 49 176 503 45 4248 17 
UP/PH2:70/30-B 46 201 476 56 4897 16 
UP/PH2:70/30-D 27 175 429 54 4580 13 
UP/PH2:50/50 31 156 584 48 1357 37 
UP/PH2:50/50-R 37 154 522 41 2573 26 
UP/PH2:50/50-B 32 171 537 47 2867 26 
UP/PH2:50/50-B 23 209 506 64 5584 21 
PH2 33 156 467 38 594 46 
PH2-R 39 131 519 30 1411 43 
PH2-B 40 140 555 35 1539 42 
PH2-D 19 157 536 45 1362 43 
 
Note: The probable errors in the various parameters are: TTI = ± 3; FO = ± 4; PHRR = ± 32; THR 
= ± 2.3; TSR = ±156; Residue = ±5. 
 
The mechanism of flame retardancy in these blends is predominantly condensed phase as 
indicated by the significant reductions in smoke output during combustion and the large 
increases in residue  compared with those of cured UP.  
 
Table 5.9 and Figure 5.14 a) indicate that additions of FRs to UP improve flame 
retardancy significantly, with small increases in TTI and significant decreases in PHRR 
and THR. However, all three FRs operate almost exclusively in the gas phase in UP as 
indicated by large increases in total smoke and only marginal increases in residue. In PH2, 
additions of all three FRs can be seen to slightly increase PHRR (see Figure 5.14 b) and 
Table 5.9). However, RDP and BADP do produce marginal reductions in THR, whereas 
DOPO increases THR also. All three FRs increase smoke (TSR) and, interestingly, reduce 
char yields. Thus, at best, all three FRs could be said to be ineffective as flame retardants 
for PH2.   
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Table 5.10 Cone calorimetric parameters for cured PH3 and co-cured UP/PH3 
blends, with and without FRs 
System 
TTI 
(s) 
FO 
(s) 
PHRR 
(kW/m²) 
THR 
(MJ/m
2
) 
TSR 
(m²/m²) 
Residue 
(%) 
UP/PH3:70/30 39 148 885 54 2699 11 
UP/PH3:70/30-R 44 143 558 38 4040 17 
UP/PH3:70/30-B 42 157 565 45 4302 14 
UP/PH3:70/30-D 20 149 509 46 3645 14 
UP/PH3:50/50 34 151 682 50 2203 20 
UP/PH3:50/50-R 45 139 528 36 3602 22 
UP/PH3:50/50-B 44 145 549 40 3665 19 
UP/PH3: 50/50-D 24 115 542 36 2756 18 
PH3 35 145 489 34 603 48 
PH3-R 40 113 539 26 1510 40 
PH3-B 38 119 514 28 1777 38 
PH3-D 22 115 502 30 1345 42 
Note: The probable error in values for different parameters are: TTI = ± 2; FO = ± 4; PHRR = ± 
32; THR = ± 1.5; TSR = ±156; Residue = ±2. 
 
For cured PH3, the trend is similar: the FRs have approximately no effect on PHRR, 
produce only slight decreases in THR, again with increases in smoke and reductions in 
char yield (see Table 5.10 and Figure 5.14 c)). 
 
Table 5.11 Cone calorimetric parameters for cured PH4 and co-cured UP/PH4 
blends, with and without FRs 
System 
TTI 
(s) 
FO 
(s) 
PHRR 
(kW/m²) 
THR 
(MJ/m
2
) 
TSR 
(m²/m²) 
Residue 
(%) 
UP/PH4:70/30    54 179     960     71   3820    11 
UP/PH4:70/30-R 52 153 620 41 4440 14 
UP/PH4:70/30-B 51 156 680 46 4890 13 
UP/PH4:70/30-D 55 213 540 47 4650 17 
UP/PH4:50/50 57 201 828 61 3170 14 
UP/PH4:50/50-R 47 151 570 40 3660 23 
UP/PH4:50/50-B 51 153 590 42 4180 19 
UP/PH4: 50/50-D 47 194 530 44 4220 18 
PH4 72 216 804 48 2210 27 
PH4-R 61 143 780 33 2410 37 
PH4-B 67 130 830 35 2410 37 
PH4-D 83 171 540 32 3060 33 
 
Note: The probable error in the various parameters are: TTI = ± 3; FO = ± 3; PHRR = ± 32; THR 
= ± 2.5; TSR = ±156; Residue = ±4 
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In cured PH4, the FRs have a more positive effect on flame retardancy (see Table 5.11 and 
Figure 5.14 d)), with DOPO, especially, producing a large reduction in PHRR, although 
accompanied by a significant increase in smoke and only a small increase in char yield, 
consistent with DOPO acting mainly as a gas phase flame retardant. RDP and BADP are 
also marginally effective as FRs in cured PH4 (small reductions in PHRR, and larger 
reductions in THR). RDP and BADP produce slightly more char and slightly less smoke 
in cured PH4 than does DOPO, indicating that these two FRs are acting in both gas and 
condensed phases and which can be supported with the TGA results discussed in Chapter 
5, Section 5.7. 
 
 
Figure 5.15 a1), b1) and c1) HRR vs. time curves for UP/PH2:70/30, UP/PH3:70/30 
and UP/PH4:70/30 with and without FRs cured cast resins and a2), b2), c2) their 
respective mass vs. time curves at 50 kW/m
2
 external heat flux 
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The effect of FRs on UP/Res-PH:70/30 blends can be clearly explained with the help of 
Figure 5.15 a1-c1) and a2-c2) and the Table 5.9-5.11. From Figure 5.15 a1) and a2), the 
UP/PH2:70/30 with FRs shows much reduced PHRR and % char residue than that of pure 
blend of UP/PH2:70/30 without FRs. Figure 5.16 a1-e1) show plots of differences in TTI, 
PHRR, THR, TSR and char residue from cone calorimetric experiments vs. composition 
for cured UP, cured PH2 and co-cured UP/PH2 blends with and without FRs. In each case 
the datum for cured UP with no FR has been subtracted from that for UP with an FR or for 
a blend with or without an FR as appropriate. From Figure 5.16 a1-e1), it can be seen FRs 
in UP/PH2 blends have negative effects on char and smoke. This is supported by the TGA 
results; FRs are ineffective with PH2 in forming a char. Figure 5.15 b1) and b2) depicts 
the HRR vs. time curves and mass vs. time curves for UP/PH3:70/30 with and without 
FRs. UP/PH3:70/30 with FRs giving char residues slightly higher than that of 
UP/PH3:70/30 without FR (see Figure 5.16 a2-e2)).  
  
Given that the FRs are effective in both cured UP and cured PH4, but less so in cured PH2 
and cured PH3, it is not surprising to note that, in general, the FRs are more effective in 
co-cured UP/PH4 blends than they are in co-cured UP/PH2 and UP/PH3 blends. For 
example, additions of the FRs to UP/PH4:70/30 blends produce large reductions in PHRR 
and THR, even though with some increase in smoke and only marginal increases in char 
and TTI. The performances of RDP, BADP and DOPO in the UP/PH4 system are similar, 
indicating that in this system the balances between gas phase and condensed phase 
mechanisms of flame retardancy are also similar. This is surprising given that DOPO is 
normally regarded as being a gas phase flame retardant, and is significantly more volatile 
than either RDP or BADP, as indicated by the fact that heating these flame retardants on 
their own at 10 C per min in the TGA instrument under air gives the following results: 
DOPO, 10 % mass loss by 250 C; RDP, 10 % mass loss by 350 C; BADP, 10 % mass 
loss by 430 C (see Figure 5.9 e)). 
 
  
133 
  
-700
-600
-500
-400
-300
-200
-100
0
0 20 40 60 80 100
Δ
P
H
R
R
/ 
k
W
 m
-2
PH2 content / % w/w
-700
-600
-500
-400
-300
-200
-100
0
0 20 40 60 80 100
Δ
P
H
R
R
 /
 k
W
 m
-2
PH3 content / % w/w
No FR
RDP 20% W/W
BAPP 20%W/W
DOPO 10%W/W
-700
-600
-500
-400
-300
-200
-100
0
0 20 40 60 80 100
Δ
P
H
R
R
 /
 k
W
 m
-2
PH4 content / % w/w
b1) b2)
-25
-20
-15
-10
-5
0
5
10
15
0 20 40 60 80 100
PH2 content/ % w/w
-25
-20
-15
-10
-5
0
5
10
15
0 20 40 60 80 100Δ
T
T
I 
/ 
s
PH3 content / % w/w
0
5
10
15
20
25
30
35
40
45
50
0 20 40 60 80 100
Δ
T
T
I 
/ 
s
PH4 content / % w/w
a1)
a2)
a3)
b3)
0
10
20
30
40
50
60
70
80
90
0 20 40 60 80 100
Δ
T
H
R
 /
 M
J
 m
-2
PH2 content / % w/w
0
10
20
30
40
50
60
70
80
90
0 20 40 60 80 100
Δ
T
H
R
 /
 M
J
 m
-2
PH3 content / % w/w
0
10
20
30
40
50
60
70
80
90
0 20 40 60 80 100
Δ
T
H
R
 /
 k
W
 m
-2
PH4 content / % w/wc1) c2) c3)
Δ
TT
I /
 s
  
134 
 
 
Figure 5.16 Plots of differences in (a) TTI, (b) PHRR, (c) THR, (d) TSR, and (e) char residue from cone calorimetric experiments 
vs. composition for cured UP, cured Res-PH and co-cured UP/Res-PH blends with and without FRs 
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From Figure 5.16 a3-e3), it can be seen in particular that addition of FR to UP/PH4:70/30 
decreases THR and PHRR and increases final char yield, with DOPO being notably 
effective. The images of char residues left after the cone calorimetric tests on the cured 
cast resin samples of UP, PH4 and UP/PH4 with and without FRs are shown in Figure 
5.17. 
 
 
Figure 5.17 Images of char residues left after cone calorimetric tests at 50 kW/m
2
 heat 
flux for cured cast resins of UP, PH4and UP/PH4 blends with and without FRs 
 
From Figure 5.17, it can be seen that samples with FRs produce more dense and thick char 
than those of the samples without FRs in the case of PH4 and their blends with UP; 
whereas in the case of UP, UP with FRs do not produce  thick solid chars. 
 
The improvements in fire performance that follow from additions of FRs to UP/PH4 
blends, i.e. the blends which show highest compatibility are shown schematically in the 
Fire Safety Assessment Grid (plot of THR vs. PHRR/TTI in which, THR is total heat 
released, PHRR is peak heat release rate, and TTI is time to ignition) presented in Figure 
5.18. Given that it is the co-cured blend of UP/PH4:70/30 which possesses the best 
combination of physical and mechanical properties, DOPO would seem to be, on balance, 
the flame retardant additive of choice for this system: it can be seen from Table 5.11 that 
in the  UP/PH4:70/30-D blend, there is a 44 % reduction in PHRR, a 32 % reduction in 
UP UP:R UP:B UP: D
PH4 UP/PH4:70/30 UP/PH4:50/50 UP/PH4:70/30-R UP/PH4:50/50-RPH4:R
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THR and a 55 % increase in char residue, although with a 22 % increase in TSR (total 
smoke released). 
 
 
Figure 5.18 2-D fire safety assessment grid for cured UP, PH4 and UP/PH4 resins 
with and without FRs, exposed to a 50kW/m
2
 heat flux. 
 
5.7 The chemistry of FR action in co-cured UP/Res-PH blends  
Phosphorus-containing flame retardants function by one of two general mechanisms: gas 
phase and condensed phase [7]. In the gas phase mechanism, a volatile phosphorus-
containing oxidation product from the thermolysis of the FR acts as a free radical chain 
stopper in the gas phase. Such a product is the P=O radical, which is produced readily 
from DOPO by a radical transfer reaction followed by thermal rearrangement [8]. Similar 
radicals can be produced by thermolysis of other phosphonates, and of alkyl and aryl 
phosphates and phosphine oxides [9, 10, 11]. Clearly, from the results presented here, this 
is the major mode of action of RDP, BADP and, especially, DOPO in flame retarding UP 
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and co-cured UP/PH2 blends, and a contributor also to flame retardation of co-cured 
UP/PH3 and UP/PH4 blends. 
 
Cured UP contains no groups that can readily be dehydrated and is also too thermally 
unstable (over 90 % decomposition occurs below 400 C [12]) for there to be much 
material remaining at temperatures at which polyphosphoric acids and anhydrides are 
formed, hence only a gas-phase mechanism of flame retardancy applies in this case.  
 
In phenolics, there are also possibilities of char catalysis via trans-esterification of 
phenolic OH groups with phosphate esters such as RDP and BADP (Scheme 5.1). 
 
OH + O P
O
O
O
P
O
O
O
O + OH
Resole Flame retardant
Crosslinked product
 
Scheme 5.1 Crosslinking of resole via transesterification with RDP or BADP 
 
Reactions such as these have been suggested, for example, as important contributors to 
condensed phase flame retardant action of RDP and BADP in polycarbonate-based 
polymer systems [13]. 
A further contributor to condensed-phase action of these FRs in co-cured UP/Res-PH 
blends may be chemical reaction of the FR with one or both of the resin components 
during preparation and curing of the blend, especially given the high temperature involved 
in fully curing the resole component. Thus, aromatic groups in all three FRs may react 
with methylol groups present in the resoles via the type of reaction involved in the curing 
of the resoles themselves, especially RDP and BADP, given that they also are phenolic 
compounds (Scheme 5.2). 
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OH
+
O OOH
Resole RDP or BADP
OH
+ H2O
[H
+
]
 
Scheme 5.2 Condensation of RDP or BADP with resole methylol group 
 
In co-cured UP/PH3 blends, there is the additional possibility that the epoxy groups in 
PH3 react with the DOPO and causing ring-opening of the epoxy group and attachment of 
the DOPO. In co-cured UP/PH4 blends, reaction of DOPO may be possible with the C=C 
bonds of the allyl groups [12]. 
 
Reactions such as these would explain the retention, and apparent condensed-phase flame-
retardant action, of much of the DOPO in the co-cured UP/PH3 and UP/PH4 blends. 
 
5.8 Conclusions 
The effects of addition of FRs to UP, PH2, PH3 and PH4 resins and their blends have been 
studied. It is noted that the addition of FRs to UP requires higher temperature of curing for 
the complete curing of the resin, whereas neat resole phenolic resins and their blends with 
UP can be cured under similar conditions to those used for the respective resins without 
FRs. From the DMTA results, it is observed that the presence of FRs in cured resins 
reduces Tg and reduces the storage modulus at 40 
o
C; this is probably due to the FRs 
acting as plasticisers. This effect is greater in the incompatible UP/PH2 system than in the 
compatible UP/PH4 system. 
 
The flame retardancy of flame retardant co-cured blends of UP with PH3 and with PH4 
can usefully be improved by the addition of an organic phosphorus containing FRs such as 
RDP, BADP or DOPO. The flame-retardant action of these FR additives involves both 
gas-phase and condensed-phase components as indicated by increased yields of both 
smoke and char on combustion. The FRs are, however, least effective in co-cured UP/PH2 
blends. The reasons for this are not clear, but may be associated with the decreased 
compatibility of UP with PH2 compared with UP/PH3 and UP/PH4. In UP/PH2 it is 
possible that the FR is excluded to a large extent from the PH2 phase and, residing largely 
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in the UP phase, is released at relatively low temperatures into the gas phase during 
pyrolysis and combustion. 
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Chapter 6: Glass fibre-reinforced unsaturated polyester/resole 
phenolic blended matrix composites 
 
In Chapter 4 the blending and compatibility of unsaturated polyester (UP) resin with four 
resole phenolic resins (Res-PH): a water based (PH1), a solvent based (PH2), an epoxy 
and solvent based (PH3) and an allyl functionalised (PH4), have been discussed. Based on 
the curing behaviour study of these resins, cast resins were prepared and their thermal 
stability and flammability studied. In this chapter glass fibre-reinforced composites 
(GFRC) have been prepared from these blended resins with the exception of blends with 
PH1, which is a non-compatible system. The GRFCs were prepared by hand lay-up 
followed by vacuum bag curing. In Part I of this chapter the effect of different functional 
groups in the resole phenolic resin on fire and mechanical performances of UP/Res-PH co-
blended resinous composites has been studied and discussed in detail. In Part II composite 
samples prepared from UP/Res-PH with added flame retardant chemicals are discussed. 
The resin – flame retardant combinations were selected based on results in Chapter 5. The 
fire and mechanical properties of these GFRCs are discussed. 
  
Part 1 Glass fibre -reinforced UP/Res-PH blended composites 
The GFRC laminates of pure UP and the blended samples of UP/PH2, UP/PH3, and 
UP/PH4 in different blending ratios were prepared using hand lay-up followed by a 
vacuum bagging technique under one bar vacuum pressure (see Chapter 3, Section 3.7). 
The curing cycles used for each sample are given in Table 6.1, which are similar to 
respective cast resins described in Chapter 4. The GFRCs of pure Res-PH resins could not 
be prepared due to excessive leakage of resin during curing process, resulting in very dry 
composites. In pure phenolic GFRCs curing, the viscosity of the phenolic resin at first 
decreases and then starts increasing due to partial curing of phenolic resin, the most of 
leakage occurs in early stages when the viscosity is very low. However, in case of the 
blends’ curing, the early curing (room temperature conditions) of UP helps to avoid the 
excessive resin leakages as is the case in pure phenolic composites. The co-blended 
samples though showed some amount of resin leakages, which depended on the phenolic 
resin type and content. Another associated problem while curing pure phenolic resin is the 
thermal shrinkage, which however, was rectified by using a slow cooling approach 
without inducing thermal shock of sudden cooling. The thermal shrinkage problem in the 
co-blended samples was minimised by the presence of UP and the vacuum conditions. In 
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the case of the co-blended resin matrices, the two resins were mixed thoroughly under a 
high shear force, otherwise the non-uniformly mixed resins result in phase separation, 
leading to delamination in the composites. Also during curing the colour of the resin 
changes from light brown to dark brown. All GFRC samples were visually good with a 
uniform plain surface without any voids. The details of the GFRCs prepared are given in 
Table 6.1. The curing conditions for the different UP/Res-PH blended GFRCs were 
derived from the curing conditions of their respective cast resin samples as discussed in 
Chapter 4, Section 4.2. 
 
Table 6.1 Details of the GFRCs of UP and UP/Res-PH blends 
Sample ID 
Thick. 
(mm) 
Fibre 
wt.% 
Resin 
wt.% 
Curing conditions 
UP 2.4 59 41 RT 24 h, 80˚C 6 h 
UP/PH2:70/30 2.5 59 41 50˚C 6 h, 80˚C 24 h,  90˚C 9 h , 130˚C 1 h, 160˚C 1 h 
UP/PH2:50/50 2.6 55 45 80˚C 24 h, 100˚C 1 h, 130˚C 1 h, 160˚C 1 h 
UP/PH3:70/30 2.6 59 41 
50˚C 6 h, 70˚C 8 h, 80˚C 8 h, 100˚C 6 h, 130˚C 2 h, 
160˚C 2 h 
UP/PH3:50/50 2.1 67 33 
50˚C 6 h, 70˚C 8 h, 80˚C 8 h, 100˚C 6 h, 130˚C 2 h, 
160˚C 2 h 
UP/PH4:80/20 1.8 74 26 
50˚C 6 h, 80˚C 12 h, 100˚C 8 h, 120˚C 6 h, 130˚C 6 h, 
150˚C 2 h, 180˚C 2 h 
UP/PH4:70/30 2.4 59 41 
50˚C 6 h, 80˚C 12 h, 100˚C 8 h, 120˚C 6 h, 130˚C 6 h, 
150˚C 2 h, 180˚C 2 h 
UP/PH4:60/40 2.3 59 41 
50˚C 6 h, 80˚C 12 h, 100˚C 8 h, 120˚C 6 h, 130˚C 6 h, 
150˚C 2 h, 180˚C 2 h 
UP/PH4:50/50 2.3 58 42 
50˚C 6 h, 80˚C 12 h, 100˚C 8 h, 120˚C 6 h, 130˚C 6 h, 
150˚C 2 h, 190˚C 2 h 
 
6.1 Flammability behaviour of GFRC of UP/Res-PH blended resin 
matrices 
The flammability behaviour of GFRC composites was evaluated by cone calorimetry and 
UL-94 vertical burning tests. These small scale tests are commonly used to evaluate the 
flammability of polymer materials and composites [1]. 
 
6.1.1 Cone calorimetric results of GFRC of UP/Res-PH 
The cone calorimetric tests of GFRC composite laminates of UP/Res-PH blended matrices 
were conducted at 50 kW/m
2 
heat flux
 
with an ignition source. The HRR vs. time curves  
for  GFRC composite laminates UP, UP/PH2, UP/PH3 and UP/PH4 samples are shown in 
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Figure 6.1 a), b) and c) respectively and  their corresponding percentage mass loss vs. time  
curves are shown in Figure 6.1 a1), b1) and c1).  
 
 
Figure 6.1 a), b), c) HRR vs. time  and a1), b1), c1) mass loss vs. time curves of 
UP/PH2, UP/PH3 and UP/PH4 GFRC samples at 50 kW/m
2
 heat flux 
 
The derived parameters from the cone calorimetric test are listed in Table 6.2. GFRC 
samples of control and different blended resins had different resin contents varying from 
33 to 45 % (see Table 6.2). In order to compare the effect of resin type and composition in 
the GFRC laminates of different blends with that of the UP, the cone results are normalised 
with respect of a 40 wt. % resin content [1] and the values are listed within the parenthesis 
in the Table 6.2 and also in the text written in parenthesis after the actual values and 
indicated by N. For an example, actual PHRR value for UP composite of 41 wt.% resin is 
491 kW/m
2 
and its normalised PHRR value  with respect to 40 wt. % resin is calculated as  
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Normalised PHRR = 491*40/41, assuming that to first approximation all cone calorimetric 
paramters are directly proportional to the resin content within a composite. 
 
Figure 6.1a) and Table 6.2 show that the GFRC of UP sample ignited after 38 s of 
continuous radiant heat exposure, after which the heat release rate started rising reaching a 
PHRR value of 491 (479 N, normalised to 40 wt. % resin content) kW/m
2
, the sample
 
continued to burn until 146 s with a THR of 32.6 (30.3 N) MJ/m
2
. After the flame out at 
146 s, all of UP resin had burnt out, leaving 59.8 % residue of unburned glass fibre. In the 
image of the residue in Figure 6.2 a) and only glass fibres can be seen with no char in 
between. The shape of the HRR vs. time curve of UP composite is similar to its cast resin 
(Figure 4.22, Chapter 4), but the intensity of the peak is significantly reduced in the former 
(the PHRR of UP composite is 491 kW/m² whereas for UP cast resin is 1050 kW/m²), 
indicating lower flammability of the composite. This is due to fact that UP GFRC has 41 
wt. % resin and 59 wt. % glass fibre in which the glass fibre does not burn.  
 
All co-blended (UP/PH2, UP/PH3 and UP/PH4) composite samples of unsaturated 
polyester resin with resole phenolic resin show single peaked HRR-curves, similar to that 
of the UP composite sample, but the intensity of each peak is less, representing a lower 
peak heat release rate. In GFRC with blended resins, as can be seen from Figure 6.1 and 
Table 6.2, TTI is little affected by the presence of the phenolic resin in the cases of PH2 
and PH3, the values being similar to, or slightly less, than that of UP composite. On the 
other hand; GFRC fabricated from UP/PH4 the samples has slightly greater TTI than that 
of UP composite samples, which may be because of the greater TTI of the PH4 (72 s 
compared to 40 s of UP) and thus causes a delay in the ignition of UP/PH4 blends. It can 
be due to the fact that the UP/PH4 blend is co-crosslinked [2-4], and hence displays the 
ignition behaviour of a homogeneous material, whereas in UP/PH2 and UP/PH3 
composites, the two resins not being intimately crosslinked, the resin ignites first.  PH2 
(33 s) and PH3 (35 s) resins have lower TTI than that of UP resin (Table 4.8, Chapter 4).  
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Table 6.2 Cone results for GFRCs of UP and UP/Res-PH blends exposed to 50 kW/m
2
 heat flux 
Sample 
Resin  TTI FO PHRR THR EHC TSR Res. FIGRA 
wt. (%) (s) (s) (kW/m²) (MJ/m2) (MJ/kg) (m²/m²) mass (%) (kW/m2s) 
UP 41 38 146 491(479)  32.6 (30.3)  20.2 (18.8)  2233 (2077)  59.8 (58.3) 9.1 (8.9) 
UP/PH2:70/30 41 39 140 428 (418)  26.9 (26.2)  18.3 (17.9)  1482 (1446)  64 (62.4) 5.6 (5.5) 
UP/PH2:50/50 45 34 168 411 (365)  26.4 (23.5)  13.7 (12.2)  1344 (1195)  65.8 (58.5) 5.1 (4.5) 
UP/PH3:70/30 41 42 132 415 (461)  25.9 (25.3)  18.1 (17.7)  1689 (1648)  62 (60.5) 6.4 (6.2) 
UP/PH3:50/50 33 32 101 382 (448)  15.8 (19.2)  16.5 (20.0)  916 (1110)  73.6 (89.2) 6.3 (7.6) 
UP/PH4:70/30 41 46 131 454 (443)  29.4 (28.7)  18.7 (18.2)  1769 (1726)  56.9 (55.5) 6.9 (6.7) 
UP/PH4:50/50 42 48 140 436 (415)  27.1 (25.8)  18.4 (17.5)  1699 (1618)  63 (60.0) 5.2 (5.0) 
      
 Note: The variation in values for different parameters are: TTI = ± 3; FO = ± 6; PHRR = ± 26; THR = ± 1.2; EHC = ± 1.4;  
          TSR = ±104; Res.mass = ±1.6, FIGRA= ±0.6. 
          The values within the parentheses are the normalised values with respect to 40 wt. % resin. 
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Figure 6.2 Digital images of charred residues of GFRC composites of a) UP, b) 
UP/PH2:70/30, c) UP/PH2:50/50, d) UP/PH3:70/30, e) UP/PH3:50/50,  f) 
UP/PH4:70/30, g) UP/PH4:50/50 after cone experiment at 50 kW/m
2
 heat flux 
 
 
As can be seen in Table 6.2, in the GFRC of UP/PH2:70/30 blended matrix PHRR has 
been reduced to 428 (418 N) kW/m², THR to 26.9 (26.2 N) MJ/m
2
, TSR to 1482 (1446) 
m²/m² and char yield increased to 5 % (3.4 % N). The reduction in EHC of 18.3 MJ/kg 
(17.9 MJ/kg, if normalised to 40 wt. %) indicates reduced amount of heat released from a 
unit mass of sample burning. In the 50/50 blend the PHRR, THR, EHC and TSR are 
further reduced, whereas the charred residue has increased.  
 
The sample UP/PH3:70/30 ignites at 42 s and burns with the PHRR of 415 (461 N) kW/m² 
and flames out at 132 s. It also has the THR of 25.9 (25.3 N) MJ/m
2
, EHC of 18.1(17.7 N) 
MJ/kg and TSR 1689 (1648 N) m²/m². It can be seen from Figure 6.1 b), the shape of the 
HRR curve of UP/PH3 composite is similar to the UP composite with the small difference 
in the height as well as in the area under the curve represented by lower PHRR and THR 
compared to UP. 
 
The shape of the HRR vs. time curve of the GFRC of UP/PH3: 50/50 is very different, the 
curve is shifted towards the left, is much narrower than that of the UP/PH3:70/30 and the 
intensity is also much lower. This results in lower TTI, PHRR, THR, EHC and TSR than 
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those of UP/PH3:70/30 (see Table 6.2). This is because of the lower resin (and higher 
glass fibre) content in UP/PH3:50/50 composite. 
 
As can be seen from Figure 6.1 c), the HRR curves of GFRC samples with the UP/PH4 
blended matrix are shifted towards the right hand side compared with that of the UP curve 
owing to greater  TTI (46 s) in UP/PH4:70/30 and 48 s in UP/PH4:50/50). The other 
parameters such as PHRR, THR, EHC and TSR are reduced, reducing further with 
increased phenolic content.   
 
The above analysis of results shows that the flammabilities of all samples containing 
phenolic resins are lower than that of the composites containing UP resins above. The 
lower flammability of phenolic is due to the greater number of stable aromatic rings in 
their chemical structures [5-8] which, on heating, cross-link and char, whereas the UP 
resin decomposes into combustible volatiles, which burn. The normalised values 
represented in Table 6.2 can be used to compare the effect of phenolic resin type on the 
reduction of flammability of the composites. In Table 6.3 percent change in each 
parameter with respect to control UP GFRC has also been given.  
 
The effect of phenolic resin type in terms of increasing TTI: 
  PH4 > PH3 ≈ PH2 
In terms of reducing PHRR: 
 PH2 > PH3 > PH4 
In terms of reducing THR: 
 PH2 > PH3 > PH4 
In terms of reducing TSR: 
 PH2 > PH3 > PH4 
In terms of increasing char residue: 
 PH2 > PH3 > PH4 
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Table 6.3 Comparison of cone results of GFRC and cast resins with those of UP 
Sample ID 
% change w.r.t. UP GFRC cone results (%) Res. 
mass 
(%) 
% change w.r.t. UP cast resin cone results (%) Res. 
mass 
(%) 
 
TTI PHRR THR EHC TSR TTI PHRR THR EHC TSR 
UP 0 0 0 0 0 0.8 0 0 0 0 0 1 
UP/PH2:70/30 3 -13 -13 -5 -30 5 -23 -36 -25 -5 -44 25 
UP/ PH2:50/50 -11 -24 -23 -35 -42 11 -23 -44 -39 -9 -67 37 
UP/ PH3:70/30 11 -4 -17 -6 -21 3 -3 -16 -32 -9 -34 11 
UP/ PH3:50/50 -16 -6 -37 -6 -47 7 -15 -35 -37 -4 -46 20 
UP/ PH4:70/30 21 -8 -5 -3 -17 2 35 -9 -10 -1 -7 11 
UP/ PH4:50/50 26 -13 -15 -7 -22 5 43 -21 -23 -9 -22 14 
    
          Note: The percent increase (+) or decrease (-) w.r.t. respective value of UP (normalised). 
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The fire growth rate index (FIGRA), the ratio of peak heat release rate to time to peak heat 
release rate  for all the samples of GFRC is listed in the Table 6.3. As discussed earlier, the 
higher FIGRA means higher fire risk and the faster flame spread [9]. From the cone 
results of GFRC samples, the normalised (40 wt.%  resin) FIGRA value for the UP 
composite is 8.9 kW/m
2
s
 
and for the GFRC of UP/PH2:70/30 is 5.5 kW/m
2
s
 
which is much 
lower than UP composite due to the 30 % PH2 content. Higher phenolic content of the 
UP/PH2 blends has lower FIGRA values. These lower FIGRA number indicates that the 
presence of phenolic resin in the blended resin composites could provide an effective flame 
retardancy property to the composite and hence reduce the fire risk. GFRC of UP/PH3 and 
UP/PH4 samples show lower FIGRA values than that of UP composite (see Table 6.2). 
Based on the FIGRA values, the order of fire retardancy of the UP/Res-PH:50/50 and UP 
composite samples is listed as: 
 
UP/PH2:50/50 > UP/PH4:50/50 > UP/PH3:50/50 > UP 
 
In order to compare the effect of phenolic resins in reducing the flammability of the UP in 
composites with those in cast resins reported in Chapter 4, in Table 6.3 the percent 
reduction in each cone parameter for  respective cast resin system (taken from Chapter 4) 
are also reported. The reductions for the composite laminates are much less than those for 
the respective cast resin samples. In the fibre-reinforced composites, the volatiles released 
during composite burning are contained in the composite because of the layered structure 
(glass fibres in composites) hence, char formation is reduced and this is the probable reason 
for the composite blends system not being as effective as the blended cast resins.  This 
difference is due to the presence of 55-67 wt.% glass fibres in the composites. The 
however, the trends are similar in both cases. 
 
As can be seen from these trends that amongst the three groups of samples, UP/PH2 
samples show higher fire retardancy than that of GFRC samples of UP/PH3 and UP/PH4 
samples. In UP/PH3 and UP/PH4 blended composites, presence of functionalised phenolic 
resins showed lower char yield than that of PH2. Higher flame retardancy of UP/PH2 
blended composites can be explained by the effect of “islands in the sea” model [10] i.e., 
when char-forming additives are added to non-char forming polymers there are critical 
concentrations above which they become effective in shielding parts of the surrounding 
polymer matrix from pyrolysis and promoting more extensive char formation [11].  
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6.1.2 UL -94 results of GFRC of UP/Res-PH 
The samples of GFRC were tested under both vertical and horizontal UL-94 modes. In both 
tests the samples were marked at 25 and 100 mm intervals from the exposed end and from 
time taken for flame to reach from the first mark to the other one, the burning rates could 
be calculated. All results are listed in Table 6.4. In the UL-94 vertical burning test the UP 
composite burned completely and hence, could not pass the minimum classification of the 
UL-94 test [12] (Table 6.4). All composite samples from UP/Res-PH blended matrices also 
failed in both vertical and horizontal burning tests. In the horizontal UL-94 test, the HB 
rating was given to the samples, which means in a sample either the burning rate does not 
exceed 75 mm/min or it self-extinguishes before 100 mm [13]. In this case the whole 
sample burnt after the first ignition, but burning rate was lower than 75 mm/min.  
 
As can be seen from Table 6.4, the burning rates in horizontal and vertical tests for UP is 
higher than for all blended samples. In the vertical orientation, the UP laminate has 83.8 
mm/min burning rate, which is reduced to 80 mm/min for the UP/PH2:70/30 composite 
and 35.1 mm/min, for the UP/PH2:50/50 composite, i.e., > 50 % reduction in the latter.  
 
All types of resole phenolic resins show the same trend i.e., the burning rate decreases with 
phenolic resin presence, decreasing further with increasing phenolic content. The higher 
Res-PH content shows significant reduction in the flame spread property, which is because 
of the higher char formation tendency of phenolic resins. These results show the same trend 
as observed from LOI and cone results of the cast resin samples in Chapters 4 and 5.  
 
On comparing the effect of different phenolic resin types it can be seen that the trend of 
UL-94 results is different than for cone results. The GFRC of UP/PH4:70/30 displays a 
vertical burning rate of 57.2 mm/min (UP has 83.8 mm/min), which is much lower than 
those of UP/PH2:70/30 and UP/PH3:70/30 composites. This can be explained with the help 
of cone results of composites. The greater TTI of UP/PH4 composite is responsible for the 
delayed ignition leading to lower surface flame spread when compared to that of UP/PH2 
and UP/PH3 composites. The low flame spread is one of most important international 
maritime organisation (IMO) test requirements needed for composites in marine 
applications. As per IMO/Fire test procedure (FTP) code, passenger carrying  vessels made 
of composites should have a high resistance to fire and smoke propagation during a defined 
period of time ( 30 or 60 min) [14]. Hence UP/PH4 composites with lower flame spread 
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could be better for marine applications and hence need further investigation. Based on UL-
94 results the samples show the following trend for rate of burning:  
UP/PH4 < UP/PH3 < UP/PH2 < UP 
In horizontal tests the burning rate is very low for all samples including the GFRC from UP 
(17.1 mm/min). All phenolic resin containing samples have lower burning rates than that of 
UP, which decreases with increasing phenolic resin content, but the effect of resin type is 
not significant. All UP/Res-PH:70/30 have burning rates of ~ 14-15 mm/min and UP/Res-
PH:50/50 have burning rates of 10.5-11 mm/min.  
 
Table 6.4 UL -94 test results of GFRC samples of UP and GFRC of UP/Res-PH co-
blended matrices 
Samples 
Horizontal 
burning (HB) 
rate (mm/min)  
UL94 rating 
for HB test 
Vertical 
burning (VB) 
rate (mm/min) 
UL94 rating for 
VB test 
UP 17.1 ± 0.1 HB 83.8 ± 2.3 FAIL 
UP/PH2:70/30 15.2 ± 0.7 HB 80 ± 1.7 FAIL 
UP/PH2:50/50 10.5 ± 0.5 HB 35.1 ± 1.3 FAIL 
UP/PH3:70/30 15.2 ± 0.3 HB 78.6 ± 2.0 FAIL 
UP/PH3:50/50 10.9 ± 0.2 HB 33.2 ± 1.8 FAIL 
UP/PH4:80/20 14.2 ± 0.5 HB 61.2 ± 0.9 FAIL 
UP/PH4:70/30 13.6 ± 0.2 HB 57.2 ± 0.9 FAIL 
UP/PH4:60/40 12.1 ± 0.3 HB 43.2 ± 2.8 FAIL 
UP/PH4:50/50 11.2 ± 0.1 HB 32.4 ± 1.9 FAIL 
 
6.2 Mechanical performance of laminates of UP and UP/PH2, UP/PH3 
and UP/PH4 composites  
In order to study the effect of different functionalised phenolic resins on the mechanical 
properties of the UP composites, the GFRC laminates of UP and GFRC composites of 
UP/PH2, UP/PH3 and UP/PH4 and all blended composites of UP/Res-PH and the UP 
composites were tested for their flexural, tensile and impact behaviour using: flexural three 
point bending, tensile and impact drop weight test procedures.  
 
6.2.1 Flexural performance of UP and UP/Res-PH composites 
The flexural tests on the GFRC specimens (150 mm x 20 mm x ~ 2.1 -2.6  mm) were 
conducted using a 100 N load cell attached to a Universal Instron 3369 instrument with the 
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three-point bending frame utilising a 1 mm/min crosshead speed. The span length of each 
specimen was 100 mm. In addition, selected samples, GFRC of UP and UP/PH4, strain 
gauges were bonded on their surfaces to verify the testing machine results. The three point 
bending test was undertaken within the elastic range (up to 0.001strain) of composite 
samples in order to enable further tests to be carried out on these samples. During testing, 
the load and displacement data were simultaneously collected by a computer controlled 
data logger connected to the Instron testing machine and an Intercol data logging system 
with strain gauges bonded on to the surface of the composites. The flexural moduli,   of 
the composite samples were calculated using Engineer’s bending theory [15], using 
Equation (6.1) given below: 
 
                                              
  
    
                                                          (6.1) 
 
Where:   is the test span,    the thickness, and    the width of the specimen. 
  
The results of the flexural test are listed in Table 6.5, where the results from strain gauges 
are presented in brackets. As can be seen from Table 6.5, the flexural modulus values 
calculated from the strain gauges are similar to the values from obtained from the Instron 
load-displacement data, indicating confidence in the results generated from the Instron 
data.In Table 6.5 the normalised modulus values with respect to 40 % fibre volume are 
listed because the composites are having different weight % of resin. Normalisation of 
mechanical properties of composites such as flexural and tensile is a standard method 
followed in an industry which is used to study the effect of resin in the composites and also 
used to compare the properties of different composites [1]. For an example, the normalised 
flexural modulus of UP GFRC with respect to 40 % fibre volume is calculated as follows, 
 
Fibre volume fraction of UP GFRC = wt. % of glass fibre in UP GFRC/density of                                 
glass fibre 
                                                                =    59/2.5 = 23.6 %  
Resin volume fraction of UP GFRC      = wt. % of resin in UP GFRC/density of resin                                                          
                                                                = 41/1.12 = 36.6 % 
Fibre volume % of UP GFRC                = (23.6/ (23.6+36.6))*100 = 39 % 
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Normalised flexural modulus of UP GFRC w.r.to 40 % fibre volume is calculated as, 
             (Original flexural modulus of UP GFRC)*40/ (Fibre volume % of UP GFRC) 
                                                           = 17.7*40/39 =18.0 GPa 
 
Table 6.5 Flexural test results of GFRCs 
Sample 
Thick. 
(mm) 
Fibre 
wt.% 
Resin 
wt.% 
Original 
Flexural 
Modulus (GPa) 
Normalised 
Flexural 
Modulus w.r.t.  
40% fibre vol. 
(GPa) 
% Change 
w.r.t. 
normalised 
UP value 
(%) 
UP 2.4 59 41 17.7 ± 0.6 (17.0) 18.0 ± 0.6 0 
UP/PH2:70/30 2.5 59 41 10.9 ± 0.6  11.4 ± 0.5 -37 
UP/PH2:50/50 2.6 55 45 11.8 ± 0.5 14.4 ± 0.5 -20 
UP/PH3:70/30 2.6 59 41 15.0 ± 0.6 15.7 ± 1.4 -13 
UP/PH3:50/50 2.1 67 33 19.7 ± 0.7 17.6 ± 0.2 -2 
UP/PH4:80/20 1.8 74 26 23.4 ± 0.8 (20.4) 18.3 ± 1.0 +2 
UP/PH4:70/30 2.4 59 41 17.0 ± 0.6 (17.2) 17.8 ± 1.0 -1 
UP/PH4:60/40 2.3 59 41 16.6 ± 0.6 (16.9) 17.4 ± 0.5 -3 
UP/PH4:50/50 2.3 58 42 16.4 ± 0.5 (17.0) 18.4 ± 0.4 +2 
 
 Note: The % reduction (-) or %increased (+) w.r.t. normalised flexural modulus of UP composite    
values. 
           Values within the parenthesis are from the data logger attached with the strain gauge on the 
surface of the composites. 
 
The stress versus strain curves of the GRFC under three point bending mode are shown in 
Figure 6.3. Table 6.5 shows that the presence of PH2 in the GFRC with UP/PH2:70/30 and 
50/50 blended samples reduces the flexural moduli to 11.4 and 14.4 GPa, respectively, 
which are  37 and 20 % less than that of the pure UP composite. This is due to the fact that 
the PH2 is a non-functionalised resin and there is no active functional group to react with 
UP resin which results in poor compatibility between the UP and PH2 [16]. 
 
The stress vs. strain curves of UP/PH2 in Figure 6.3 a) indicates that GFRC of 
UP/PH2:70/30 has a lower gradient than that of UP composite, indicating a lower modulus. 
This can be explained by supposing that the UP resin in the blended composite acts as a 
plasticising agent because of the absence of the chemical bonding (compatibility between 
the UP and PH2). This plasticising effect is reduced with lower UP content in the 
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UP/PH2:50/50 composite. It is well known that the flexural performance of composites 
very much depends on the matrix mechanical properties, matrix content and also on the 
effectiveness of reinforcement [17].  
 
The efficiency of the reinforcement effectively depends on the adhesion between matrix 
and fibre, this is a key factor in determining the final properties of the composite material, 
particularly the mechanical properties [18-20]. The GFRC of UP/PH3:70/30 and 50/50 
samples show slightly lower flexural moduli, of 15.7 GPa and 17.6 GPa respectively, 
which are 13 % and 2 % lower than that of the UP composite’s flexural modulus. The 
percentage reduction in flexural modulus of UP/PH3 w.r.t. that of the UP composite is less 
than that shown by UP/PH2. This may be due to the epoxy functionalised phenolic resin 
being more compatible with UP than the non-functionalised one (PH2) [2].  
 
In Table 6.5, it can be seen that the UP/PH4 composites show similar flexural modulus 
values as UP, i.e., 18.3, 17.8, 17.4, and 18.4 GPa for 80/20, 70/30, 60/40 and 50/50 blends 
respectively of UP/PH4. The presence of PH4 in the blend does not reduce the flexural 
modulus and in some cases slightly increases it (see Table 6.5). The existence of good 
compatibility between the UP and PH4 is responsible for the flexural moduli values being 
similar to that of the UP composite. This is due to the introduction of UP into the three 
dimensional network structure of the phenolic resin, leading to more flexibility of the 
polymer chains, which leads in turn to a fall in viscosity of the resin. This may make the 
physical escape of volatiles from the resin easier during curing, resulting in samples 
without voids and hence good mechanical properties [21]. The other reason is that the 
inclusion of allyl-functionalised resole phenolic resin (PH4) in UP does not affect the 
flexural properties of the composites  is due to the formation of ester linkages by the 
reaction of UP with the resole resin, resulting in better cross-linked structure [21].  
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Figure 6.3 Stress vs. strain curves for GFRC of UP and a) UP/PH2 b) UP/PH3 and c) 
UP/PH4 under flexural mode 
 
6.2.2 Tensile performance of UP and UP/Res-PH composites 
The tensile tests on the GFRC specimens (150 mm x 20 mm x ~ 2.1-2.6 mm) were 
conducted using a 50 kN load cell attached to a Universal Instron 3369 tensometer frame 
with 1 mm/min crosshead speed. The gauge length of each specimen was 100 mm and UP 
composite tabs were bonded to their ends for improved gripping. A small proportion of 
GFRC samples of UP and UP/PH4 were bonded with strain gauges on their surfaces to 
verify the testing machine results. Each tensile test was undertaken within the elastic range 
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(0.001 strain) of the samples in order to enable further tests to be carried out on the 
samples. The data collection and logging employed the same method as described 
in section 6.2.1 previously. The tensile moduli were normalized with respect to 40 % 
fibre volume fraction for consistency for all samples and are given in Table 6.6. The stress 
vs. strain curves of the glass fibre reinforced composites under tensile mode are shown in 
Figure 6.4.  
   
Table 6.6 Tensile test results of GFRCs 
Sample 
Thick. 
(mm) 
Fibre 
wt.% 
Resin 
wt.% 
Original Tensile 
Modulus (GPa) 
Normalised  
Tensile 
Modulus w.r.t. 
40% fibre vol. 
(GPa) 
% Change 
w.r.t. 
normalised 
UP value 
(%) 
UP 2.4 59 41 12.3 ± 0.6 (13.3) 12.6 ± 0.6 0 
UP/PH2:70/30 2.5 59 41 10.2 ± 0.6 10.7 ± 0.6 -15 
UP/PH2:50/50 2.6 55 45 9.9 ± 0.9 12.0 ± 0.6 -5 
UP/PH3:70/30 2.6 59 41 12.9 ± 0.5 13.6 ± 0.5 8 
UP/PH3:50/50 2.1 67 33 13.3 ± 1.0 11.8 ± 1.0 -6 
UP/PH4:80/20 1.8 74 26 15.1 ± 0.2 (14.8) 13.9 ± 0.2 10 
UP/PH4:70/30 2.4 59 41 12.7 ± 0.5 (12.7) 13.4 ± 0.5 6 
UP/PH4:60/40 2.3 59 41 11.4 ± 0.2 (11.8) 12.0 ± 0.2 -5 
UP/PH4:50/50 2.3 58 42 13.1 ± 0.2 (13.4) 14.5 ± 0.2 15 
 
Note: The reduction (-) or increase (+) is w.r.t. normalised tensile modulus of UP 
composite values. 
Values within parentheses are from the data logger attached with the strain gauge 
on the surface of the composites. 
 
The tensile modulus is measured as the slope of the stress-strain curve before the initial 
deformation starts in the composites. The slopes of stress-strain curves for pure UP and 
UP/PH2 co-blended resin matrix GRFCs are different as can be seen from Figure 6.4 a). 
  
The tensile modulus of GRFC of UP is 12.6 GPa, for UP/PH2:70/30 blend the value is 10.7 
GPa and for 50/50 is 12.0 GPa. The lower tensile modulus of UP/PH2 blends may be due 
to the effect of PH2 content, a pure phenolic resin is brittle with lower tensile moduli than 
that of UP composite which in turn has poor compatibility with the UP amongst other PH3 
and PH4 phenolic resins. The tensile modulus of blended composites shows the same trend 
as flexural modulus. There is a difference between the flexural and tensile modulus of 
 156 
 
composites because in the tensile mode, fibres are the main load carrying component and in 
flexural mode the matrix is the load carrying component [22]. 
 
In GFRC composites, fibre is the major factor affecting the tensile properties of the 
composite and matrix material is the major factor affecting the flexural properties. Hence, 
the percentage change in the blended composites with respect to UP composites is lower 
than that observed in flexural modulus results. 
 
 
Figure 6.4 Stress vs. strain curves for GFRCs of UP and a) UP/PH2 b) UP/PH3 and c) 
UP/PH4 under tensile mode 
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The GFRC of UP/PH3 blended samples show tensile moduli values similar or slightly 
lower than that of UP composites (Table 6.6 and Figure 6.4 b), this is because of the better 
compatibility between UP and epoxy functionalised phenolic resin (PH3) [2]. The 
corresponding tensile moduli values of UP/PH3:70/30 is 13.6GPa (8 % more than UP) and 
for 50/50 is 11.8 GPa (6 % less than that of the UP).  
 
The UP/PH4 blended samples show 13.9, 13.4, 12 and 14.5 GPa tensile moduli values for 
80/20, 70/30, 60/40 and 50/50 respectively and which are +10 %, +6 % , -5 % and +15 % 
different w.r.t. UP composite tensile modulus values. The UP/PH4 samples show similar 
tensile moduli values as UP (see Table 6.5) due to the greatest compatibility between UP 
and PH4. This is supported by DMTA results of cast resin (Chapter Section 4.3) as well as 
that of the composites (Figure 6.5). The UP/PH4 co-blended composites show a single Tan 
Delta peak with one Tg (see Figure 6.5). The compatibility between the UP and PH4 causes 
chemical interaction, which may reduce the liberation of formaldehyde during curing and 
hence preventing void formation in the samples. Samples without voids usually result in 
good mechanical properties [21].  
 
 
Figure 6.5 Tan Delta vs. temperature curves for GFRCs of UP, UP/PH4:70/30 and 
UP/PH4:50/50 
 
6.2.3 Impact performance of UP and UP/Res-PH composites 
A specimen of 75 mm X 75 mm square size for each sample was tested using an Instron 
impact drop weight test rig with a 1.02 kg steel impactor released from a height of 100 mm 
96 o C
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to produce an impact velocity of 1.37 m/s. The set incident impact energy of 1 J is 
calculated using the following formula, 
                                                                  E = mgh                                                        (6.2) 
 
Where, E is the impact energy, m is the mass of the impactor, g is the acceleration due to 
gravity, and h is the drop height [23]. The load vs. deflection curves for all samples are 
shown in Figure 6.6 a)-c). 
 
 
Figure 6.6 Load vs. deflection curves of GFRC laminates of UP and a) UP/PH2 b) 
UP/PH3 and c) UP/PH4 undergone drop-weight impact testing 
 
The data from the load vs. deflection impact curves of the composite laminate samples was 
used to calculate the impact modulus (indicating toughness). The samples were examined 
after the test to measure the visible impact damage on the composite surface (tub hitting 
surface). 
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After impact testing, the morphologies of the damaged area on the tested samples were 
measured using a digital camera. Images and the results are presented in Table 6.7. The 
impact test results such as impact modulus and % change w.r.t. modulus of UP are listed in 
Table 6.8  
 
Table 6.7 Digital images of impact damage and damage observations on the front 
(impacted) of all GFRC of UP, UP/PH2, UP/PH3 and UP/PH4 blends after 1.02kg 
drop-weight impact testing 
 
Note: X: no physical damage appears, V: visible impression seen on the surface (by the impact tub 
at a local area), D: surface damages on the composite laminates. 
Sample ID Images Damaged  observation and area (mm2)
UP V 7.1 ± 1.2
UP/PH2:70/30 X _
UP/PH2:50/50 X _
UP/PH3:70/30 D 113.0 ± 2.5
UP/PH3:50/50 V 8.3 ± 1.6
UP/PH4:70/30 X _
UP/PH4:50/50 X _
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From Table 6.7 in GFRC UP samples a visible impression of the tub of about 7.1 mm
2 
area 
after impact testing can be seen, however there is no physical damage, i.e., no delamination 
or fibre breakage. In the case of an impact test, the material damage is associated with a 
stress or strain regime, while fracture is the fragmentation of material by cracking and is 
determined by energy considerations i.e., the fracture will occur if the growth of a crack 
results in a lower energy of the system [24], i.e., the energy required to overcome the 
cohesive force of the atoms is equal to the dissipation of the strain energy that is released 
by the crack [24]. 
 
From Figure 6.6 a) it can be clearly seen that the load vs. deflection curve of UP is smooth, 
uniform, which indicates that there is little associated damage caused by the drop weight 
during test; the impact modulus is 19.6 GPa. The impact modulus value is higher than that 
of flexural and tensile modulus values in the GFRC composites because it varies with 
different factors such as material variables, loading and environmental conditions and 
impactor geometries [23]. 
  
Table 6.8 Impact test results of GFRCs 
Sample 
Thick. 
(mm) 
Fibre 
Vol. (%) 
Impact modulus 
(GPa) 
% Change w.r.t. 
UP value (%) 
UP 2.4 39 19.6 ± 0.6 0 
UP/PH2:70/30 2.5 38 19.4 ± 0.6 -1 
UP/PH2:50/50 2.6 33 19.5 ± 0.6 -1 
UP/PH3:70/30 2.6 38 20.3 ± 0.5 4 
UP/PH3:50/50 2.1 45 22.4 ± 1.0 14 
UP/PH4:80/20 1.8 55 26.8 ± 0.2 37 
UP/PH4:70/30 2.4 38 19.7 ± 0.5 1 
UP/PH4:60/40 2.3 38 19.9 ± 0.2 2 
UP/PH4:50/50 2.3 36 19.3 ± 0.2 -2 
 
Note: The % reduction (-) or % increased (+) w.r.t. impact modulus of UP composite values 
 
Amongst the material variables, the mechanical properties of fibre and matrix, particularly 
the failure strains, interface properties and fibre configuration play important roles in 
determining impact damage resistance and damage tolerance of the composites [25]. 
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The GFRC of UP/PH2:70/30 and 50/50 samples after impact test are shown in Table 6.7 
and the composite samples have no impressions or physical damages and it can be 
supported with their smooth  load vs. deflection  curves (see Figure 6.6 a)). The initial 
slopes and shapes of the curves are similar to those of the UP. The impact moduli of 
UP/PH2:70/30 and 50/50 composites are 19.4 GPa and 19.5 GPa respectively which are 
similar to UP (19.6 GPa), indicating that the GFRC of UP and UP/PH2 have similar impact 
resistance properties.  
 
In Table 6.7, GFRC of UP/PH3:70/30 and UP/PH3:50/50 samples are seen to have the 
damaged areas of 113 mm
2
 and 8.3 mm
2
 respectively. The load vs. deflection curve of 
UP/PH3:70/30 is slightly shorter and broader than that of the UP curves and it is also 
noticed that the increase in the PH3 content results in a broader curve  (see Figure 6.6 
b)),which means that the UP/PH3 blend can potentially absorb more impact energy than 
that of UP. GFRC of UP/PH3:70/30 and 50/50 samples have impact modulus of 20.3 GPa 
and 22.4 GPa respectively which are 4 and 14 % higher than that of impact modulus of UP 
composite. From Figure 6.6 b) it can be seen that the peak of load vs. displacement curve 
in UP/PH3 co-blended composites is lower than that of UP composite. This indicates that 
the UP/PH3 composites have lower impact damage tolerance than that of UP composite, 
which in turn might be explained by the plastic nature of UP/PH3.  
 
The samples of UP/PH4 blends do not show visible physical damages or impression on the 
surface of the composite laminates (Table 6.7). Due to the good compatibility between UP 
and PH4, the presence of PH4 in the blends does not produce adverse effect on UP. The 
load vs. deflection curves of UP/PH4 blended composites are shorter and broader than that 
of the UP curve. The increase in the PH4 content shows broader curves (see Figure 6.6 c)), 
which may indicate that the UP/PH4 blend can potentially absorb more impact energy than 
that of UP. The GFRC of UP/PH4 blended samples show smooth load vs. deflection curves 
without any irregularities indicating little internal damage and have similar impact 
modulus values of UP (19.6 GPa). The impact modulus of UP/PH4:80/20 is 26.8 GPa and 
for 70/30, 60/40 and 50/50 is 19.7 GPa, 19.9 GPa, 19.3 GPa respectively. The highest 
impact modulus of UP/PH4:80/20 composite is due to higher fibre volume fraction. 
 
From the above discussions, it is concluded that the overall mechanical performance 
(flexural, tensile and impact modulus) of the GFRC samples show the following order: 
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UP/PH4 > UP/PH3 > UP/PH2 
This order is also supported by the DMTA results of cast resin (Chapter 4).  
 
6.2.3.1 Impact performance of heat damaged composites 
Impact tests were carried out on heat damaged GFRC samples of size 75 mm x75 mm, 
after exposure in the cone calorimeter at 50 kW/m
2
 external heat flux. After the cone 
calorimetric test the UP/Res-PH composites were intact, i.e., showed good stiffness and no 
delamination. The burned samples of GFRC were tested using an impact drop weight test 
rig with a 1.02 kg steel impactor released from a height of 100 mm to produce an impact 
velocity of 1.37 m/s.  
 
The results given in Table 6.9 show that the UP is unusable after the cone test, whereas 
samples of UP/Res-PH show some stiffness retention. This can be seen clearly from Table 
6.9 where % retention values of modulus with respect to modulus of unburnt sample are 
given.  
 
The UP/PH2:70/30 and 50/50 composites after exposure to cone calorimeter have impact 
modulus values of 2.8 GPa and 3.1 GPa respectively, which means  14 % and 15 % 
modulus retention w.r.t. the respective impact modulus values of unburned samples (see 
Table 6.9). Whereas, burned UP composite has just 2 % of impact modulus retention as a 
result of the small soft white residual char (0.8 %, see Table 6.3). The higher retention in 
UP/PH2 composites may be due to the consolidated char formed by the PH2 resin, which 
gives the stiffness to the composite structure. There was no visible physical damage 
observed on the residual sample. 
 
The GFRC of burnt UP/PH3:70/30 and UP/PH3:50/50 samples show impact moduli of 
2.51 GPa and 3.4 GPa, respectively, retaining 12 % and 17 % of impact modulus. There 
were no visible physical damages observed on the tested samples. 
 
The heat damaged GFRC samples of UP/PH4:70/30 and UP/PH4:50/50 show the impact 
moduli 3.42 GPa and 3.75 GPa respectively and showing 17 % and 19 % modulus 
retention. Due to the greater char formation (Table 6.3) in the co-blended UP/PH4 
composite samples, these samples have the largest modulus retention among all samples. 
The burnt samples also did not show physical damage on their surfaces after the impact 
test. 
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Table 6.9 Images of impact damage and damaged observations on the front 
(impacted) of all heat damaged GFRC of UP, UP/PH2, UP/PH3 and UP/PH4 blends 
after 1.02kg drop-weight impact testing 
 
 
From Table 6.9, it is observed that all of the co-blended samples of higher phenolic content 
show higher percentage impact modulus retention because of greater char formation. The 
Sample ID  Images
Impact 
modulus of 
unburnt 
samples 
(GPa)
Impact 
modulus of 
cone tested 
samples (GPa)
% of impact 
modulus 
retention (%)
Residual 
char (%)
UP 19.6 ± 0.6 0.35 ± 0.05 2 1
UP/PH2:70/30 19.4 ± 0.6 2.81 ± 0.02 14 25
UP/PH2:50/50 19.5 ± 0.6 3.10 ± 0.05 16 37
UP/PH3:70/30 20.3 ± 0.5 2.51 ± 0.05 12 11
UP/PH3:50/50 22.4 ± 1.0 3.44 ± 0.15 15 20
UP/PH4:70/30 19.7 ± 0.5 3.42 ± 0.05 17 11
UP/PH4:50/50 19.3 ± 0.2 3.75 ± 0.15 19 14
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above results indicate that the presence of resole phenolic resin in the co-blended 
composite samples of UP/Res-PH is likely to be responsible for the better mechanical 
properties in the composites after burning. 
 
Part II Glass fibre-reinforced UP/Res-PH blended composites with added 
flame retardants 
As can be seen from results above that while composite laminates from UP/Res-PH co-
blended resin matrices have reduced flammability compared to that of UP, this effect is 
marginal. It is also interesting to note that while composites from the least compatible resin 
blends, PH2, showed better results in terms of most of the cone parameters, the most 
compatible system UP/PH4 showed greater TTI in cone and lower flame spread in UL-94 
tests. However, in both cases the reduction is not enough for the laminates to be termed as 
‘fire retardant’. Hence, in this part the effects of added flame retardants on the fire and 
mechanical properties of the GFRCs have been studied.  
 
In Chapter 5 the flame retardants used in cast resins were resorcinol bis (diphenyl 
phosphate) (RDP), bisphenol-A bisdiphenyl phosphate (BADP) and 9, 10-dihydro-9-oxa-
10-phosphaphenanthrene-10-oxide (DOPO). Out of these systems, only two, RDP and 
DOPO have been selected for this work based on cast resin results. The GFRC laminates 
with the ratios of: UP/PH2:70/30, UP/PH3:70/30 and UP/PH4:70/30 with FRs of 20 wt. %  
RDP, 10  wt. % DOPO were prepared. The GFRC from UP and the UP/Res-PH blends of 
70/30 were also prepared as controls. The UP/Res-PH blends with 70/30 ratios have been 
used because from the technological point of view, this ratio is more practical.  
 
The UP resin blends were prepared by mixing 70:30 wt. % UP/Res-PH for 10 min in a 100 
ml beaker using a high-speed, overhead, electric stirrer fitted with a four-component blade 
(IKA RW16 at 900 rpm); additional FR in the above mentioned wt. percentage was 
included where required. Catalyst M (2 wt. % w.r.t. UP) was then added to the resin 
mixture and stirring continued for a further 10 min. The above prepared resins were used in 
the GFRC preparation with the wet hand lay-up method with vacuum bagging technique 
using one bar pressure throughout their curing cycle as discussed earlier. The details of the 
GFRC laminates of UP/Res-PH of blends with FRs are given in Table 6.10.  
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Table 6.10 Details of the GFRCs of UP and UP/Res-PH blends with FRs 
Sample ID 
Thick. 
(mm) 
Fibre 
wt.% 
Resin 
wt.% 
Curing conditions 
UP 2.4 59 41 RT 24 h, 80˚C 6 h 
UP/PH2:70/30-R 2.2 66 34 50˚C 6 h, 80˚C 24 h,  90˚C 9 h , 130˚C 1 h, 160˚C 1 h 
UP/PH2:70/30-D 2.4 59 41 
50˚C 6 h, 80˚C 12 h, 90˚C 8 h , 110˚C 6 h, 130˚C 6 h, 
150˚C 2 h, 180˚C 2 h 
UP/PH3:70/30-R 2.1 64 36 
50˚C 6 h, 70˚C 8 h, 80˚C 8 h, 100˚C 6 h, 130˚C 2 h, 
160˚C 2 h 
UP/PH3:70/30-D 2.8 55 45 
50˚C 6 h, 70˚C 12 h, 90˚C 8 h, 110˚C 6 h, 130˚C 6 h, 
150˚C 2 h, 180˚C 2 h 
UP/PH4:70/30-R 2.2 63 37 
50˚C 6 h, 80˚C 12 h, 100˚C 8 h, 120˚C 6 h, 130˚C 6 h, 
150˚C 2 h, 180˚C 2 h 
UP/PH4:70/30-D 2.6 54 46 
50˚C 6 h, 80˚C 12 h, 100˚C 8 h, 120˚C 6 h, 130˚C 6 h, 
150˚C 2 h, 180˚C 2 h 
 
Note: R = RDP; D = DOPO 
 
6.3 Flammability behaviour of UP/Res-PH composites with FRs 
6.3.1 Cone calorimetric results of GFRC of UP/Res-PH with added FRs 
The HRR vs. time curves for GFRC composite laminate systems of UP/PH2, UP/PH3 and 
UP/PH4 without/with FRs are shown in Figure 6.7 a), b) and c) respectively and the 
corresponding mass loss vs. time curves are shown in Figure 6.7 a1), b1) and c1). The 
derived parameters are listed in Table 6.11. Since all samples have different resin contents 
varying from 34 to 46 wt. %, similar to those in Section 6.1.1, selected cone parameters 
were normalised to the 40 wt. % resin content. The normalised values are given in 
parentheses after the actual values and marked by N. In Table 6.12, % reduction of each 
cone parameter w.r.t. that of the UP (normalised values) as well as w.r.t. the respective 
UP/Res-PH blend (normalised values) are given.    
 
As can be seen from Figure 6.7a) and Table 6.11 the GFRC of UP/PH2:70/30 ignites at 39 
s, which is similar to that of the UP (38 s). The TTI of UP/PH2:70/30-R and 
UP/PH2:70/30-D composites are 36 and 37 s respectively (see Table 6.11).   
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Figure 6.7 a), b), c) HRR a1), b1) and c1) mass loss vs. time curves of UP/PH2, 
UP/PH3 and UP/PH3 with and without FRs (RDP =R, DOPO =D) GFRC samples at 
50 kW/m
2
 heat flux 
 
 
The slight reduction in TTI can be explained on the basis that the phosphorus flame 
retardants RDP and DOPO start to decompose at lower temperatures (< 250 
o
C) than the  
UP and PH2 resins because the O=P-O bonds in RDP and DOPO flame retardants are less 
stable than the common C-C bond in UP [26-30]. A similar trend was observed in their 
respective cast resins discussed in Section 5.7.2. 
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Table 6.11 Cone results for GFRCs of UP and UP/Res blends with and without FRs exposed to 50 kW/m
2
 heat flux 
Sample 
Resin 
wt. (%) 
TTI 
(s) 
FO 
(s) 
PHRR 
(kW/m²) 
THR 
(MJ/m
2
) 
EHC 
(MJ/kg) 
TSR 
(m²/m²) 
Res. 
mass (%) 
FIGRA 
(kW/m
2
s) 
UP 41 38 146 491(479) 32.6 (30.3) 20.2 (18.8) 2233 (2077) 59.8 (58.3) 9.1 (8.9) 
UP/PH2:70/30 41 39 140 428 (418) 26.9 (26.2) 18.3 (17.9) 1482 (1446) 64.0 (62.4) 5.6 (5.5) 
UP/PH2:70/30-R 34 36 129 287 (338) 14.6 (17.2) 12.0 (14.1) 1888 (2221) 67.2 (79.1) 4.6 (5.4) 
UP/PH2:70/30-D 41 37 142 345 (337) 18.4 (14.2) 13.5 (13.2) 1900 (1853) 63.2 (61.7) 4.9 (4.8) 
UP/PH3:70/30 41 42 132 415 (461) 25.9 (25.3) 18.1 (17.7) 1689 (1648) 62.0 (60.5) 6.4 (6.2) 
UP/PH3:70/30-R 36 37 111 402 (447) 14.3(15.9) 14.7 (16.3) 1726 (1918) 70.2 (78) 6.1 (6.8) 
UP/PH3:70/30-D 45 36 136 408 (363) 23.4 (20.8) 13.9 (12.4) 2616 (2325) 61.5 (54.7) 6.0 (5.4) 
UP/PH4:70/30 41 46 131 454 (443) 29.4 (28.7) 18.7 (18.2) 1769 (1726) 56.9 (55.5) 6.9 (6.7) 
UP/PH4:70/30-R 37 38 128 368 (398) 17.4 (18.8) 14.0 (15.1) 1823 (1971) 68.1 (73.6) 5.1 (5.5) 
UP/PH4:70/30-D 46 35 166 352 (306) 24.2 (21.0) 13.8 (12.0) 2919 (2538) 61.8 (53.7) 4.5 (3.9) 
 
  Note: The variation in values for different parameters are: TTI = ± 3; FO = ± 6; PHRR = ± 26; THR = ± 1.2; EHC = ± 1.4; TSR = ±104;  
             Res.mass = ±1.6, FIGRA= ±0.8. 
                    The values within parentheses are the normalised values with respect to the 40 % (wt.) resin. 
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The GFRC of UP/PH2:70/30-R and UP/PH2:70/30-D samples show PHRR of 287 (338 N) 
kW/m² and 345 (337N) kW/m² respectively which is 30 % decrease with respect to PHRR 
of UP composite and 19 % decrease with respect to UP/PH2 70:30 (Table 6.12). From the 
shapes of HRR curves of UP/PH2:70/30 composites containing FR it can be seen that the 
burning processes are of shorter duration than those of UP and UP/PH2:70/30 (see Figure 
6.7a)) which indicates the reduced flammability of composites containing FRs. Similarly, 
the GFRC of UP/PH2:70/30-R, UP/PH2:70/30-D show THR of 14.6 (17.2 N) MJ/m
2 
and 
18.4 (14.2 N) MJ/m
2   
which is 43 % and 53 % lower than those of the UP composites and  
34 %, 46 %  lower than  those of  UP/PH2:70/30 composites. These percentage reductions 
in values are similar to those of the respective cast resins also shown in Table 6.12 
(calculated from results reported in Section 5.7, Chapter 5). From Table 6.11 it can be seen 
that that the EHC of UP/PH2 composites with FRs of RDP and DOPO are 12 (14.1 N) 
MJ/kg and 13.5 (13.2 N) MJ/kg respectively which is 21 %, 26 % lower than that of 
UP/PH2:70/30 composite. The GFRC of UP/PH2:70/30-R shows char yield of 1.2 % 
which is higher than that of UP (0.8 %) but lower than that of UP/PH2:70/30 (5 %) as can 
be seen from Figure 6.7 a1). The TSR of UP/PH2:70/30-R composite is 1888 (2221 N) 
m²/m² which is 7 % and 54 % higher than that of UP and UP/PH2:70/30 composites, 
respectively. The TSR of UP/PH2:70/30-D composite is 1900 (1853 N) m²/m² which is 13 
% lower than UP and 26 % higher than that of UP and UP/PH2:70/30 composites. This 
higher smoke emission and lower char yield indicates that the RDP and DOPO are acting 
mainly in gas phase [26]. In the phosphorus FRs of RDP and DOPO, a volatile phosphorus 
containing oxidation product from the thermolysis of the FR acts as a free radical chain 
stopper in the gas phase mechanism. As an example, the 
•
PO radical, which is produced 
readily from RDP and DOPO by a radical transfer reaction is responsible for the improved 
flame retardancy of the co-blended composites with FRs [26]. From the above results, it 
can be seen that the presence of FRs in the UP/PH2:70/30 GFRC composites, while they 
have a little effect on the TTI, effectively reduces overall flammability of the composites. 
From the cone results of GRFC of UP/PH2 blended matrix with and without FRs, the order 
of fire retardancy based on the PHRR and THR is: 
 
UP/PH2:70/30-D > UP/PH2:70/30-R > UP/PH2:70/30 > UP 
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Table 6.12 Comparison of cone results of GFRC with FRs and cast resins with FRs 
Sample ID  
% change w.r.t. UP GFRC cone results (%) Res. 
mass 
(%) 
% change w.r.t. UP cast resin cone results (%) Res. 
mass 
(%) 
 
TTI PHRR THR EHC TSR TTI PHRR THR EHC TSR 
UP/PH2:70/30 +3 -13 -13 -5 -30 +5.0 -23 -36 -25 -5 -44 +25 
UP/PH2:70/30-R -5  -30 (-19)  -43 (-34) -25 (-21) +7 (+54) +1.2 +23 -52 (-25) -43 (-24) -36 (-32) +4 (+84) +17 
UP/PH2:70/30-D -3 -30 (-19) -53 (-46) -30 (-26) -13 (+26) +4.2 -33 -59 (-36) -32 (-8) -24 (+21) +12 (+99) +13 
UP/PH3:70/30 +11 -4 -17 -6 -2 +3.0 -3 -16 -32  -9 -34 +11 
UP/PH3:70/30-R -3 -7 (-3) -48 (-37) -13 (-9) -8 (+16) +6.2 +10 -47 (+37) -52 (-30) -38 (-32) -1 (+50) +17 
UP/PH3:70/30-D -5 -24 (-21) -31 (-18) -34 (-31) 12 (+41) +6.5 -50 -52 (-42) -42 (-15) -28 (-22) -11(+35) +14 
UP/PH4:70/30 +21 -8 -5 -3 -17 +2.0 +35 -9 -10 -1 -7 +11 
UP/PH4:70/30-R 0 -17 (-10) -38 (-34) -19 (-17) -5 (+14) +6.0 +30 -41 (-35) -48 (-42) -38 (-37) +9 (+16) +14 
UP/PH4:70/30-D -8 -36 (-31) -31 (-27) -36 (-34) +22 (+47) +8.0 +38 -49 (-44) -41 (-34) -31 (-31) +14 (+22) +17 
 
  Note: The percent increase (+) or (-) reduction w.r.t. respective value of UP (normalised values).   
The values in the parentheses are percentage increase or decrease w.r.t. values for respective UP/Res-PH:70/30 blends without added flame 
retardant.  
Residue % is the % weight of char (actual residue weight – % glass fibre (wt.)). 
 170 
 
From Figure 6.7 b) and Table 6.11 it can be seen that the TTIs of UP/PH3:70/30-R (37 s) 
and UP/PH3:70/30-D (36 s) while not different than that of the UP (38 s), are lower than 
that of the UP/PH3:70/30 (42 s). The earlier ignition of GFRC of UP/PH3 resin containing 
FR additives is attributed to the accelerated decomposition of the FR in the resin matrix is 
consistent with the observation from the aforementioned TGA results in Chapter 5, Section 
5.6. The GFRC of UP/PH3:70/30-R and UP/PH3:70/30-D show lower flammability with 
reduced PHRR 402 (447 N) kW/m² and 408 (363 N) kW/m² respectively, THR (14.3 (15.9 
N) MJ/m
2
, 23.4 (20.8 N) MJ/m
2
) and EHC (14.7 (16.3N) MJ/kg and 13.9 (12.3 N) MJ/kg). 
The % changes in values with respect to UP and UP/PH3:70/30 composite are given Table 
6.12. Total smoke released by GFRC of UP/PH3:70/30-D is 2616 (2325 N) m²/s/m² which 
is 12 % higher than that of the UP (2233 (2077 N) m²/s/m²) and 41 % higher than that of 
UP/PH3:70/30 (1689 (1648 N) m²/s/m²). However, GFRC of UP/PH3:70/30-R has 
released 1726 (1918 N) m²/s/m² smoke which is 8 % less than that of UP but 16 % greater 
than that of UP/PH3:70/30 composite. The % char yield of UP/PH3 composites containing 
RDP and DOPO are 6.2 and 6.5 % respectively (> UP and UP/PH3:70/30). The higher 
smoke emission and higher char yield values indicate that FRs are acting both in gas phase 
and condensed phase in the UP/PH3 co-blended resin composites [26] since smoke is 
normally taken to be an indicator of suppressed gas phase oxidation [31]. As explained 
earlier, the PO
•
 radicals produced during thermal degradation of FR trap H
•
 and 
•
OH 
radicals of the fire [32] in a gas phase and in a condensed phase action, aromatic groups in 
RDP and DOPO may react with methylol groups present in the resoles [26]. In UP/PH3 
composites with DOPO, there is the additional possibility that the epoxy groups in PH3 
react with the P–H bonds of DOPO in a nucleophilic substitution reaction leading to ring-
opening of the epoxy and attachment of the DOPO [26].  
 
From the above results it can be concluded that the presence of FRs in the UP/PH3:70/30 
GFRC composites effectively improves the fire resistance by their gas phase and 
condensed phase actions. The images of the chars can be seen in Figure 6.8. The 
percentage reductions in cone parameters with respect to those of the UP composite are 
less than those in the cast resins (see Table 6.12). From the cone results of GRFC of 
UP/PH3 blended matrix with and without FRs, the order of fire retardancy based on PHRR 
and THR is given: 
UP/PH3:70/30-D >UP/PH3:70/30-R > UP/PH3:70/30>UP 
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Figure 6.8 Digital images of charred residues of GFRC of a) UP/PH2:70/30-R, b) 
UP/PH2:70/30-D, c) UP/PH3:70/30-R, d) UP/PH3:70/30-D, e) UP/PH4:70/30-R, f) 
UP/PH4:70/30-D samples after cone experiments at 50 kW/m
2
 heat flux 
 
Figure 6.7 c) shows the HRR curves of GFRC samples of UP/PH4 blended matrix with 
and without FRs. The samples of UP/PH4 with FRs ignited earlier than the samples 
without FRs (see Table 6.11) due to the lower decomposition temperatures of the FRs 
compared with those of the PH4 phenolic resin. In the GFRC of UP/PH4 blends with FRs, 
the allyl functionalised phenolic resin PH4 starts degrading at temperatures greater than 
400 
o
C but the FRs degrade at lower temperatures than the PH4 resin as discussed in the 
Chapter 5, Section 5.6. The TTI of sample UP/PH4 blend with RDP is 38 s and with 
DOPO it is 35 s whereas for UP/PH4:70/30 it is 46 s. From Figure 6.7 c), Table 6.11 and 
6.12, the PHRR of UP/PH4:70/30-R is 368 (398 N) kW/m² (-17 % w.r.t. UP and -10 % 
w.r.t. UP/PH4:70/30), THR of 17.4 (18.8 N) MJ/m
2 
(-38 %) and EHC of 14 (15.1 N) 
MJ/kg (-19 %) with a char yield of 6 %. The GFRC of UP/PH4:70/30-D composite has 
PHRR of 352 (306 N) kW/m² (-36 % compared to UP), THR of 24.2 (21.0 N) MJ/m
2 
(-31 
% compared to UP) and EHC of 13.8 (12.0 N) MJ/kg (-36 % compared to UP) with the 
residue of 8 %. The GFRC of UP/PH4:70/30-D samples show significant percent 
reductions with respect to the UP and UP/PH4:70/30 composites in all cone parameters 
except for TSR (22 % increase in TSR w.r.t. UP and 47 % increase in TSR w.r.t. 
UP/PH2:70/30-R
UP/PH2:70/30-D
UP/PH3:70/30-R
UP/PH3:70/30-D
UP/PH4:70/30-R
UP/PH4:70/30-D
b)
c)
d)
e)
f)
g)
UP
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UP/PH4:70/30). From the above cone results, it is noted that both of the FRs act in the gas 
phase as well as in the condensed phase and effectively improve the flame retardancy of 
UP and UP/PH4 composites. DOPO especially is more effective as a condensed phase FR 
in UP/PH4 than RDP (higher char yield in the former case). This can be explained on the 
basis that in co-cured UP/PH4 blended composites, reaction of DOPO with a C=C bond of 
the allyl groups is responsible for the condensed phase action [26]. From the cone results 
of GRFC of UP/PH4 blended matrix with and without FRs, the order of fire retardancy 
based on the PHRR and THR is: 
UP/PH4:70/30-D > UP/PH4:70/30-R > UP/PH4:70/30 > UP 
The above results can be supported with the help of Figure 6.9. The GFRC residues from 
cone experiments of UP/Res-PH with and without FRs were examined under the optical 
microscope to compare the appearances of their cross-sections. Results are shown in 
Figure 6.9.  
 
Figure 6.9 Optical microscopic images of GFRC samples after cone experiments 
 
The cross-sections of the charred samples of UP/PH4 without FRs show some 
delamination. This is due to the lower amount of char in the UP/PH4 composites when 
compared to UP/PH2 and UP/PH3 composites and that there is not enough consolidated 
char between the layers of glass fibres to keep the composite structure intact. However, the 
samples of UP/PH2, UP/PH3 and UP/PH4 with FRs show intact structures (see Figure 6.9) 
without delamination because of the formation of hard compact chars. The cross–section 
picture of the UP composite is not given because after cone exposure at 50 kW/m
2
 all resin 
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had burned away and afterwards only glass fibres were left. From Figure 6.9, it can be 
clearly seen that the presence of FRs leads to more consolidated chars.  
The fire growth rate indices (FIGRA, ratio of PHRR to time-to-PHRR) for all samples are 
listed in the Table 6.11. The normalised FIGRA values of UP/PH2:70/30-R and 
UP/PH2:70/30-D are 5.4 and 4.8 kW/m
2
s respectively. Whereas, UP composite has 
FIGRA of 8.9 kW/m
2
s
 
and UP/PH2:70/30
 
has 5.5 kW/m
2
s. From these values it is 
suggested that the presence of RDP in the UP/PH2 blended resin does not help to improve 
the fire safety of co-blended composites. However, UP/PH2 composite with DOPO shows 
improvement in the fire safety. On the basis of FIGRA values, DOPO is a more effective 
FR than RDP in UP/PH2 blends. 
 
The GFRCs of UP/PH3:70/30-R and UP/PH3:70/30-D have normalised FIGRA values of 
6.8 kW/m
2
s
 
and 5.4 kW/m
2
s 
 
respectively. Whereas, the FIGRA of UP/PH3:70/30 is 6.2 
kW/m
2
s. Hence DOPO improves the fire safety of the UP/PH3 blends more than does 
RDP. 
 
The composites of UP/PH4 with RDP and DOPO show much lower FIGRA values of 5.5 
and 3.9 kW/m
2
s
 
respectively. Whereas, the composite of UP/PH4:70/30 has a FIGRA of 
6.7 kW/m
2
s. The lower FIGRA numbers indicate that the presence of FRs can improve the 
fire safety of the composite and hence reduce the fire risk. Based on the FIGRA values, the 
GFRC of the UP/PH4:70/30-D sample shows lowest fire risk of all the samples, which is 
the same as for the cast resins.  
 
From the above cone results it is observed that the flame retardancy of composites 
containing UP/PH2, UP/PH3 and with UP/PH4 resin can be further improved by the 
addition of RDP or DOPO. The flame-retardant action of these FR additives involves both 
gas-phase and condensed-phase actions in UP/PH3 and UP/PH4 as indicated by increased 
yields of both smoke and char on combustion.  However, for UP/PH2, the FRs appear to be 
effective only in the gas-phase. Based on PHRR, EHC and char yield, UP/PH4 with DOPO 
shows the best flame retardancy.  
 
6.3.2 UL -94 results of GFRC of UP/Res-PH with added FRs 
UL-94 test results of GFRC of UP/Res-PH:70/30 with FRs are listed in Table 6.13. 
Samples of the composites were tested under both vertical and horizontal burning mode. 
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All samples failed (completely burnt) in a vertical burning test except the UP/PH4:70/30-R 
composite sample, which gave a V-1 rating. From the tests, burnt lengths and times to burn 
were noted, from which rates of burning were calculated; these are listed in Table 6.13. 
As can be seen from Table 6.13, the vertical burning rates of GFRC UP/PH2:70/30-R and 
UP/PH2:70/30-D are 66 mm/min and 75 mm/min respectively, which are lower than those 
of UP (83.8 mm/min) and UP/PH2:70/30 (80 mm/min) composites. But the reduction in 
the rate of burning is much higher in the UP/PH3 and UP/PH4 samples with FRs present. 
This could be because in the GFRC of UP/PH2 blends, FRs acted only in the gas phase i.e., 
the PO
•
 radicals produced during thermal degradation trap H• and •OH radicals of the fire 
[32]. The vertical burning rates of UP/PH3:70/30-R and UP/PH3:70/30-D composites are 
39, 58.6 mm/min respectively, which are much lower than UP (83.8 mm/min) as well as 
UP/PH3:70/30 (78.6 mm/min) composite values. GFRCs of UP/PH4:70/30-R (26.3 
mm/min) and UP/PH4:70/30-D (56.4 mm/min) show much lower burning rate than that of 
the UP composite. The vertical burning test results indicate that in the composites 
produced from the functionalised and compatibilised Res-PHs, the FRs are more active 
during combustion, probably acting both in condensed and  gas phases. Of all the samples, 
the GFRC sample fabricated from UP/PH4:70/30-D gives the V-1 rating with the lowest 
burning rate of 26.3 mm/min. This V-1 rating is achieved in that the after flame time does 
not exceed 30 s and the surgical cotton below the specimen was not ignited by flaming 
drips [13]. 
 
Table 6.13 UL-94 test results of GFRC samples of UP/Res-PH composites with FRs 
Samples 
Horizontal 
burning (HB) 
rate (mm/min) 
UL94 
rating for 
HB test 
Vertical 
burning (VB) 
rate (mm/min) 
UL94 rating 
for VB test 
 
UP 17.1±0.1 HB 83.8±2.3 FAIL 
UP/PH2:70/30 15.2±0.7 HB 80±1.7 FAIL 
UP/PH2:70/30-R SE HB 66±1.2 FAIL 
UP/PH2:70/30-D SE HB 75±1.5 FAIL 
UP/PH3:70/30 15.2±0.3 HB 78.6±2.0 FAIL 
UP/PH3:70/30-R SE HB 39±1.6 FAIL 
UP/PH3:70/30-D SE HB 58.6±1.9 FAIL 
UP/PH4:70/30 13.6±0.2 HB 57.2±0.9 FAIL 
UP/PH4:70/30-R SE HB 26.3±1.1 V-1 
UP/PH4:70/30-D SE HB 56.4±1.2 FAIL 
 
Note: SE –Self Extinguish 
 175 
 
In horizontal mode the flame is applied to the free end of the horizontally mounted 
specimen for 30 s and the HB rating is given to the sample if its burning rate is less 75 
mm/min; this test was carried out on three samples. From Table 6.13 it can be seen that all 
the GFRC with FR samples self-extinguished after 30 s which clearly show that the 
presence of FRs reduce the propagation of flame in composites containing co-blended resin 
matrices. 
 
6.4 Mechanical performance of laminates of UP/PH2, UP/PH3 and 
UP/PH4 composites with added FRs 
In order to study the effect of FRs on the mechanical properties of the UP/Res-PH 
composites, the GFRC laminates with FRs were tested for their flexural, tensile and impact 
behaviour using the flexural three point bending, tensile and impact drop weight tests as 
mentioned in Part I. 
 
6.4.1 Flexural performance of UP/Res-PH composites with added FRs 
The flexural test results of the GFRC composites with UP/Res-PH incorporating FRs are 
given in Table 6.14. Since these samples have different fibre/resin contents varying from 
34/66 to 46/54 % (w/w), in order to compare all the results the actual flexural moduli are 
normalised with respect to 40 % fibre volume fraction. It must however, be noted that the 
resin on the surface of the sample also has an effect on the modulus value. The stress vs. 
strain curves of the GRFC with FRs under three point bending mode are shown in Figure 
6.10. 
 
It can be seen from Table 6.14 that the addition of RDP in 70/30 blended resin in 
UP/PH2:70/30-R sample reduces the flexural modulus of the UP/PH2:70/30 from 11.4 
GPa to 9.4 GPa (48 % reduction). The percentage reduction in flexural modulus of 
UP/PH2:70/30-R w.r.t. UP (18 GPa) is 37 %. In sample UP/PH2:70/30-D (modulus 12.9 
GPa) there is 28 % reduction w.r.t. UP, but a 13 % increase compared to UP/PH2:70/30. 
Both RDP and DOPO flame retardants are non-reactive additives in the resin as established 
from discussion in the previous sections. RDP may have  poor compatibility with UP and 
PH2, which will gives rise to the weak interaction, further this FR may  act as a plasticiser, 
which leads to a lower flexural modulus. In general, additives used in high concentrations 
 176 
 
lead to the reduction in mechanical properties of the polymer matrix [34, 35]. DOPO, 
however, increases the modulus of the UP/PH2 composite, indicating that it has a better 
compatibility.  
 
Table 6.14 Flexural test results of GFRCs of UP/Res-PH with FRs 
Sample 
Thick.  
(mm) 
Fibre 
vol.% 
Original 
Flexural 
Modulus  
(GPa) 
Normalised  
Flexural 
Modulus 
w.r.t. 40% 
fibre vol. 
(GPa) 
% 
Change 
w.r.t. UP 
value  
% 
Change 
w.r.t. 
respective 
UP/Res-
PH value  
UP 2.4 39 17.7 ± 0.6 (17.0) 18.0 ± 0.6 - - 
UP/PH2:70/30 2.5 38 10.9 ± 0.6 11.4 ± 0.5 -37 - 
UP/PH2:70/30-R 2.2 45 8.0 ± 0.7 9.4 ± 0.6 -48 -18 
UP/PH2:70/30-D 2.4 38 9.6 ± 0.5 12.9 ± 1.4 -28 +13 
UP/PH3:70/30 2.6 38 15.0 ± 1.5 15.7 ± 1.4 -13 - 
UP/PH3:70/30-R 2.1 43 8.6 ± 0.6 9.6 ± 0.5 -47 -39 
UP/PH3:70/30-D 2.8 34 10.4 ± 0.9 9.3 ± 0.8 -48 -41 
UP/PH4:70/30 2.4 38 17.0 ± 1.1(17.2) 17.8 ± 1.0 -1 - 
UP/PH4:70/30-R 2.2 42 10.5 ± 0.7 11.1 ± 0.6 -38 -38 
UP/PH4:70/30-D 2.3 32 10.3 ± 0.6 16.8 ± 0.6 -7 -6 
 
Note: The reduction (-) or increased (+) % w.r.t. normalised flexural modulus of UP and UP/Res-
PH composite values. 
Values within the parenthesis are from the data logger attached with the strain gauge on the 
surface of the composites. 
 
 
The GFRC of UP/PH3:70/30-R and UP/PH3:70/30-D samples show much lower flexural 
moduli of 9.6 GPa and 9.3 GPa respectively, compared to the respective values for 
UP/PH3:70/30, which represent 39 and 41 % reductions. The reductions compared to the 
values for UP, 47 and 48 % respectively, are also significant.  The behaviour of DOPO in 
sample UP/PH3:70/30-D is surprising considering that DOPO should be chemically 
reactive with the epoxy functional group in the PH3 phenolic resin. The possible 
explanation of reduction could be that the incorporation of mono-functional flame 
retardant such as DOPO leads to a decrease in the cross-link density, as reactive epoxy 
groups in the PH3 phenolic resin are consumed to react with the flame retardant [30]. The 
reduced cross-link density would result in a decrease in flexural modulus [30]. 
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Figure 6.10 Stress vs. strain curves for GFRC of UP, UP/Res-PH with added FRs 
under flexural mode 
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In Figure 6.10, the initial tangent of the stress vs. strain curve of UP/PH4:70/30-R is much 
lower than that of UP and UP/PH4 composites. The flexural modulus of UP/PH4:70/30-R 
is 11.1 GPa and that of UP/PH4:70/30-D is 16.8 GPa. The presence of DOPO does not 
adversely affect the flexural properties of the UP/PH4 blended composite (6 % reduction 
w.r.t. UP/PH4:70/30 and 7 % w.r.t. UP) when compared to results with RDP in 
UP/PH4:70/30-R (38 % reduction w.r.t. UP/PH4:70/30 and 38 % w.r.t. UP). This indicates 
RDP just acted as an additive type FR with the UP/PH4:70/30 composite which has the 
flexural modulus 17.8 GPa. DOPO, on the other hand, appears to act as a reactive FR in 
UP/PH4 blends, possibly by reaction of DOPO with the C=C bonds of the allyl groups as 
explained in Chapter 5 [26].  
 
6.4.2 Tensile performance of UP/Res-PH composites with added FRs 
The stress vs. strain curves of the glass fibre reinforced composites under tensile mode are 
shown in Figure 6.11 and the analysed results are given in Table 6.15. The slopes of 
stress-strain curves in Figure 6.11 a) for pure UP, UP/PH2:70/30 with FRs composites 
are different in that the curves of GFRC of UP/PH2:70/30 with FRs have a lower gradient 
than that of UP composite, resulting in lower modulus. The tensile modulus of GRFC of 
UP is 12.6 GPa, while for UP/PH2:70/30-R it is 10.4 GPa and for UP/PH2:70/30-D it is 
10.6 GPa. The tensile modulus of composites without FR (UP/PH2:70/30) is 10.7 GPa, 
which is similar to UP/PH2 composites with FRs, which means that the presence of both 
FRs have no effect on the tensile modulus of blended composite. The difference in trends 
in flexural and tensile moduli of composites is because in the tensile mode fibres are the 
main load carrying component and in flexural mode the matrix is the load carrying 
component [22]. In these samples since the fibre part is unaffected, hence there is no 
significant effect on tensile moduli. This also means that these FRs do not affect the fibre-
matrix adhesion between the glass fibre and UP/PH2 blended resin.   
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Figure 6.11 Stress vs. strain curves for GFRCs of UP, UP/Res-PH with added FRs 
under tensile mode 
 
From Table 6.15 and Figure 6.11 b) it can be seen that the tensile modulus values of 
samples with FRs of UP/PH3 composites are 10.7 GPa and 9.4 GPa for RDP and DOPO 
respectively, which are 15 %, 25 % less than the UP composite’s tensile modulus value. 
These tensile moduli are also less than that of UP/PH3:70/30 composite which is 13.6 GPa. 
In the UP/PH3 blended resin system, the epoxy functional group act as a linking group for 
the UP and PH3 resin and improved the compatibility between UP and PH3.  When RDP is 
added with UP/PH3 blends, the aromatic groups in RDP FR may react with methylol 
groups present in the PH3 via the type of reaction involved in the curing of the PH3 [26]. 
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But when DOPO is added with the UP and PH3, the epoxy groups in PH3 react with the 
DOPO and cause the ring-opening of the epoxy group and becomeattached to the DOPO 
[26] and so reduces the cross linkages between the UP and PH3, which lead to overall 
reduced cross linking density in the UP/PH3 with DOPO matrix system of composites. 
This might also affect the fibre-matrix adhesion; it indicates that the presence of FRs in the 
UP/PH3 composites reduces the mechanical properties of the composites, which can be 
clearly seen from the Figure 6.11 b). 
 
Table 6.15 Tensile test results of GFRCs with respect to 40 % fibre volume fraction 
Sample 
Thick. 
(mm) 
Fibre 
Vol.
% 
Original Tensile 
Modulus (GPa) 
Normalised  
Tensile 
Modulus 
w.r.t. 40% 
fibre 
vol.(GPa) 
% 
Change 
w.r.t. 
UP 
value 
% 
Change 
w.r.t. 
respective 
UP/Res-
PH  value 
UP 2.4 39 12.3±0.6 (13.3) 12.6±0.6 - - 
UP/PH2:70/30 2.5 38 10.2±0.6 10.7±0.6 -15 - 
UP/PH2:70/30-R 2.2 45 8.8±0.7 10.4±0.9 -17 -3 
UP/PH2:70/30-D 2.4 38 10.9±0.5 10.6±0.1 -16 -1 
UP/PH3:70/30 2.6 38 12.9±0.5 13.6±0.5 +8 
- 
UP/PH3:70/30-R 2.1 43 9.6±0.6 10.7±0.2 -15 
-21 
UP/PH3:70/30-D 2.8 34 10.6±0.9 9.4±0.5 -25 
-31 
UP/PH4:70/30 2.4 38 12.7±0.5 (12.7) 13.4±0.5 +6 - 
UP/PH4:70/30-R 2.2 42 10.6±0.7 11.5±0.1 -9 -14 
UP/PH4:70/30-D 2.3 32 13.9±0.6 12.1±0.3 -4 -10 
Note: The reduction (-) or increased (+) % w.r.t. normalised tensile modulus of UP composite 
values. 
Values within the parenthesis are from the data logger attached with the strain gauge on the 
surface of the composites. 
 
The tensile modulus of the UP/PH4:70/30 composite is 13.4 GPa which is higher than that 
of UP tensile modulus. This probably is because of the existence of a very good 
compatibility between the UP and PH4, and so one of the reasons why good mechanical 
properties are achieved in the UP/PH4 with FRs composites. The GFRC UP/PH4:70/30-D 
has a modulus of 12.1 GPa which is a 4 % reduction with respect to UP composite tensile 
moduli and a 10 % reduction with respect to UP/PH4:70/30. The samples with RDP also 
show only a 9 % reduction w.r.t. UP and 14 % with respect to UP/PH4:70/30. This is due 
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to the efficiency of reactive FRs on UP/PH4 blends. The DOPO reacts with the UP/PH4 
through the possible reaction of DOPO with the C=C bonds of the allyl groups as 
explained in Chapter Section 5.7 [26].  
 
6.4.3 Impact performance of UP/Res-PH composites with added FRs  
The impact test results in terms of load vs. deflection curves for all samples are shown in 
Figure 6.12 a-c). After impact testing, the morphologies of the damaged area on the tested 
samples were measured using digital camera. The images of the damaged samples and the 
results are presented in Table 6.16.  
 
As discussed before and also shown in Table 6.16, the GFRC fabricated from UP sample 
has a visible impression of the tub of about 7.1 mm
2 
area after impact testing and shows no 
sign of any physical damage (delamination). No damage is observed in case of 
UP/PH2:70/30 sample. Unlike UP/PH2 samples, the samples of UP/PH2 with FRs show a 
larger visible impression (damage or crack at the inner layers of the composites) on the 
laminate surface by the impact tub than that of UP (see Table 6.16) and the size of the 
impression is 132.7 mm
2 
in UP/PH2:70/30-R composite
 
and 63.8 mm
2 
in UP/PH2:70/30-D 
composite, respectively. From Figure 6.12 a), the crack or a small damage in the 
composites of UP/PH2 with FRs can be seen in the load vs. deflection curves of 
composites. The size of the impression/crack or a damage is much larger than that of the 
UP and UP/PH2 without FR composite. This indicates, the FRs acted as plasticisers and 
which reduces the load resistance tolerance in the UP/PH2 composites (see Figure 6.12 a)). 
This can be supported by the Figure 6.12 a), where the peak of the load vs. deflection 
curves of the composites with FRs are lower (maximum load tolerance is low) than that of 
UP and UP/PH2 composites without FRs. The maximum load represents the peak load 
value that a composite laminate can tolerate, under a particular impact level before 
undergoing major damage [24]. However, the incorporation of FRs into the UP/PH2 
composite may lead to a potential increase in energy absorption with an indication of 
broader impact curves in Figure 6.12 a). GFRC of UP/PH2:70/30-R and UP/PH2:70/30-D 
show the impact modulus of 13.9 GPa and 20.1GPa respectively which is 20 and 4 % 
reduction w.r.t. UP/PH2:70/30 composite and 29 % reduction and 3 % increase with 
respect to impact modulus of UP composite. This indicates, the FRs in the UP/PH2 
composites behave in a ductile manner and are less brittle due to the plasticising effect. 
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Table 6.16 Images of impact damage and damage observations on the front 
(impacted) of all GFRC of UP/PH2 blends with FRs specimens after 1.02kg drop-
weight impact testing 
 
Note: X: no physical damage appears, V: visible impression seen on the surface (by the impact tub 
at a local area), D: surface damages on the composite laminates 
Sample ID Images
Damaged  observation 
and area (mm2)
UP V 7.1 ± 1.2
UP/PH2:70/30 X _
UP/PH2:70/30-R V 132.7± 6.3
UP/PH2:70/30-D V 63.8 ± 3.6
UP/PH3:70/30 D 113.0 ± 2.5
UP/PH3:70/30-R D 283.4 ± 6.4
UP/PH3:70/30-D D 254.3 ± 4.9
UP/PH4:70/30 X _
UP/PH4:70/30-R D 530.7 ± 8.1
UP/PH4:70/30-D D 452.2 ± 4.9
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Figure 6.12 Load vs. deflection curves of GFRC laminates of UP and UP/Res-PH 
blends with added FRs samples undergone drop-weight impact testing 
 
From Table 6.16, the damaged surface area of UP/PH3:70/30-R composite is 283.4 mm
2
 
and for UP/PH3:70/30-D composite is 254.3 mm
2 
whereas the UP/PH3:70/30 composite 
has 113 mm
2 
damaged surface area (see Figure 6.12 b)). These values are much higher than 
that of UP composite (7.1 mm
2 
with visible impression). This indicates that the maximum 
load tolerance is much reduced in composites with FRs and it can be supported with the 
shape of the curve (lower peak load in Figure 6.12 b). However, the shorter and broader 
load vs. deflection curves of UP/PH3 with FRs indicates (see Figure 6.12 b), that they can 
potentially absorb more impact energy than that of UP and UP/PH3.In addition it also 
indicates that they can be affected by the maximum load in delayed time than that of UP 
composite and UP/PH3 composite (it shows reduced brittleness and increased ductile 
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behaviour of the composites). The impact modulus of UP/PH3:70/30–R is 15.2 GPa, which 
is much lower than that of UP (19.6 GPa) and UP/PH3:70/30 (20.3 GPa) composites 
(because of lower resin content). However, the UP/PH3 with DOPO composite shows 
higher impact modulus 24.6 GPa. This is 26 % percentage increase in modulus values 
w.r.t. UP (see Table 6.17). 
 
Table 6.17 Impact test results of GFRCs with FRs 
Sample 
Thick. 
(mm) 
 
Resin 
wt. 
(%) 
Fibre 
vol. 
(%) 
Impact 
Modulus 
(GPa) 
% Change 
w.r.t. UP 
value 
% Change 
w.r.t. the 
respective 
UP/Res-
PH value 
UP 2.4 41 39 19.6 ± 0.6 - - 
UP/PH2:70/30 2.5 41 38 19.4 ± 0.6 -1 - 
UP/PH2:70/30-R 2.2 34 45 13.9 ± 0.7 -29 -20 
UP/PH2:70/30-D 2.4 41 38 20.1 ± 0.5 3 +4 
UP/PH3:70/30 2.6 41 38 20.3 ± 0.5 4 - 
UP/PH3:70/30-R 2.1 36 43 15.2 ± 0.6 -22 -25 
UP/PH3:70/30-D 2.8 45 34 24.6 ± 0.9 +26 +21 
UP/PH4:70/30 2.4 41 38 19.7 ± 0.5 +1 - 
UP/PH4:70/30-R 2.2 37 42 16.2 ± 0.7 -17 -18 
UP/PH4:70/30-D 2.3 46 32 25.8 ± 0.6 +32 +31 
 
Note: The % reduction (-) or % increase (+) is w.r.t. impact modulus of UP and the respective 
UP/PH composite values. 
 
 
The damaged surface area of UP/PH4:70/30-R composite is 530.7 mm
2
 and of 
UP/PH4:70/30-D composite is 452.2 mm
2 
whereas the UP/PH4:70/30 composite has no 
damage on the surface. From Figure 6.12 c) the GFRC of UP/PH4:70/30 the load vs. 
deflection curves curve is smooth, supported by no visible damage, whereas those 
containing FRs show clear sign of damage in the curves as well as on the surface. This 
indicates that the incorporation of FRs into the UP/PH4 blended composites show lower 
impact load tolerance. However, the shape of the load vs. deflection curves of UP/PH4 
with FRs composites larger deflection and the maximum load is shifted to higher 
deflections (see Figure 6.12c)). This indicates that the time taken to cause maximum 
impact damage is longer than that of UP and UP/PH4 composites. The FRs particles give 
the plasticising effect and reduce the brittleness of the composites and avoid sudden 
damage [36] of the composites though there are indications of initial damage with small 
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changes in the initial load. From Table 6.17, the composite sample with RDP 
(UP/PH4:70/30-R) has lower modulus (16.2 GPa) compared to the UP composite (19.6 
GPa) and the percentage reduction is 17 % and 18 % reduction w.r.t. UP/PH4:70/30 
composite. From figure 6.12 c), the crack or the damage can be easily identified (the non-
smooth curves) in FR containing GFRCs. However, the GFRC of UP/PH4:70/30-D sample 
show the impact modulus 25.8 GPa which is 32 % higher (than that of UP composite and 
31% higher than that of UP/PH4:70/30 composite. This is due to the highest resin content 
of UP/PH4:70/30-D composite sample (see Table 6.17) which is responsible for the 
highest impact modulus. The UP/PH4:70/30 with DOPO composite also shows higher 
impact modulus than that of UP/PH4:70/30 composite (20.7 GPa) (see Table 6.17). This 
indicates the existence of chemical reactivity of UP/PH4 blends and DOPO.  
 
From the above results it can be seen that the presence of functional groups in the phenolic 
resin improves the compatibility between the UP and phenolic resin and the compatible 
blended resin composites shown better mechanical properties than that of incompatible 
ones. The mechanical performance (flexural and tensile) of the UP/PH4 composites 
containing DOPO is the best among all other samples.  
 
GFRC composites of UP/Res-PH with added FRs show potential for good impact energy 
absorption by the FR presence, which acts as a plasticising agent and reduces the 
brittleness of the composites thus causes higher deflection (see Figure 6.12). UP/Res-PH 
containing DOPO show higher impact modulus than that of UP/Res-PH with RDP because 
of the reactive nature of the DOPO with the blended matrix. Impact damages indicate, that 
the samples with added FRs have lower impact load tolerance than those of the composites 
without FRs.  
 
6.4.3.1 Impact test on heat damaged composites 
Impact tests were carried out on heat damaged GFRC samples of sizes 75 mm x75 mm, 
after exposure in the cone calorimeter at 50 kW/m
2
 external heat flux. The heat damaged 
samples of GFRC were tested under same impact testing conditions as control ones 
discussed in above section. The impact test results for control, undamaged and heat 
damaged (cone tested) samples are given in Table 6.18. 
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Table 6.18 Images of impact damaged and damage observations on the front 
(impacted) of all heat damaged GFRC of UP/Res-PH with added FRs after 1.02kg 
drop-weight impact testing 
 
Note: The values within the parentheses and in red fonts are the % retention of impact modulus 
after cone test w.r.t. the respective composite (unburned) sample’s impact modulus. 
         *-Due to deceleration modulus value could not be obtained. 
Sample ID
Heat damaged on exposure to cone at 50 kW/m2
Images
Damaged  observation 
and area (mm2)
Impact modulus  of cone 
tested samples (GPa)
UP X _ 0.35 (2)
UP/PH2:70/30 X _ 2.81 (14)
UP/PH2:70/30-R D 283.4 ± 4.9 *
UP/PH2:70/30-D D 153.9 ± 8.1 *
UP/PH3:70/30 X _ 2.51 (12)
UP/PH3:70/30-R D 254.4 ± 6.4 *
UP/PH3:70/30-D V 282.3 ± 3.6 3.17 (16)
UP/PH4:70/30 X _ 3.42 (17)
UP/PH4:70/30-R D 153.9 ± 4.9 *
UP/PH4:70/30-D X _ 4.32 (21)
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The GFRC of UP/PH2 shows better stiffness retention (% Modulus retention = Impact 
modulus of heat damaged sample x 100/Impact modulus of the respective control sample) 
than UP and UP/PH2 composites containing FRs. In Table 6.18 percentage retention 
values with respect to respective control samples are also given. GFRC of UP/PH2:70/30 
shows impact modulus value of 2.8 GPa. The cone exposed samples of GFRC of UP/PH2 
FRs had no mechanical integrity; the steel impact tub pierced into the glass fibre layers of 
composites and created a hole in the sample, breaking the glass fibres as shown in 6.18. 
This happened because of the lack of structural integrity and stiffness of the sample. The 
samples of UP/PH3:70/30-R and UP/PH4:70/30-R show similar behaviour, i.e. no 
mechanical integrity of the sample. The deceleration modulus value could not be obtained 
for the samples with the holes. However, the DOPOcontaining UP/PH2 and UP/PH3 
samples had better modulus retention than the respective control samples, the best results 
shown by the GFRC sample of UP/PH4:70/30-D (21 % retention). 
 
6.5 Conclusions 
The results in this chapter have shown that the fire resistance of composites from UP can 
be improved by using co-blended UP-phenolic resins. The GFRC of UP/PH2 (UP with 
non-functionalised phenolic) resin blend shows higher fire resistance but poor mechanical 
properties, the latter being due to poor compatibility between UP and PH2. Whereas, 
GFRC from UP with functionalised phenolic resin, PH3-epoxy functionalised and PH4-
allyl functionalised, show comparatively lower flame retardancy but with little 
deterioration in mechanical properties. The reductions in flammability values of different 
composites from blended resins compared to that of from UP are though less than 
respective reductions in cast resins. All composite laminates though failed UL-94 test and 
even in horizontal tests burnt along the whole length.  
 
In the second part of this study, flame retardants were added to the blended resins and 
composites prepared from these modified matrices tested for their fire and mechanical 
performances. The cone calorimetric results indicated that presence of FRs reduces the 
PHRR, THR etc. compared to UP and respective UP/Res-PH composite laminates but 
similar to above results for composites without FRs, the reductions were less than those 
seen in the respective cast resin samples. The GFRC of UP/PH4 with DOPO showed 
highest fire retardancy compared with those of the UP composite and the GFRC samples 
of UP/PH2 and UP/PH3. In UL-94 tests, while all composites except UP/PH4:70/30-R 
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failed the test, in horizontal tests, all self-extinguished, indicating that these composites 
will show good performance when tested for surface flame spread. The effects of flame 
retardants on mechanical properties depended on the type of test. While RDP reduced the 
flexural and impact moduli of composites of UP/Res-PH:70/30 blends, DOPO had little 
effect and even increased moduli slightly in some cases. Both flame retardants had little 
effect on tensile modulus of UP/PH2:70/30, but decreased it in the more compatible 
UP/PH3:70/30 and UP/PH4:70/30 systems, which indicates that the flame retardants act as 
plasticisers in these systems and affect the fibre-matrix adhesion. Amongst the different 
samples, the sample from UP/PH4 with DOPO shows the best fire retardancy with little 
adverse deterioration of mechanical performance.  
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Chapter 7: Unsaturated polyester/methacrylated novolac 
phenolic blends 
 
The work reported in Chapters 4, 5 and 6 has been on resole resins. While incorporation of 
both non functionalised and functionalised resole resins reduced the flammability of UP, 
only the functionalised resole phenolic - UP blending had no detrimental effect on the 
mechanical properties of the resultant composite. These blends however needed much 
higher curing temperatures than UP (~ 200 
o
C compared to room temperature curing 
followed by post curing at 80 
o
C in UP) and longer curing times. 
 
In this chapter, the discussion is about the blending of UP with a chemically modified 
novolac (M-Nov), involving the incorporation of methacryloyl functional groups into the 
novolac resin, which can compatibilise the novolac with the UP resin. The 
UP/methacrylated novolac blended resin can be cured under similar conditions as UP, i.e., 
room temperature for 24 h and post curing at 80 
o
C for 6 h. Cast resins and the glass fibre-
reinforced composite laminates have been prepared from these blended resins and their 
curing behaviour, compatibility, fire and mechanical performance studied; the results are 
reported in this chapter. 
 
This chapter consists of two parts. The part I consists of cast resin results and part II
 
consists of composite laminate results.  
 
Part I Cast resins 
7.1 Modification of novolac 
The novolac resin was chemically modified by a post-doctoral research fellow (Dr. Dario 
Deli) working on this EPSRC project at Bolton. The modified resin has been characterised 
by NMR to confirm the attachment of methacryloyl functional groups into the novolac 
resin by Dr. Deli. The materials and the procedure used in chemical modification of the 
novolac are given below for the better understanding of M-Nov material. 
 
7.1.1 Materials used in the novolac modification 
a)   D31459: Novolac type phenolic resin with MW=2500, from Sumitomo Bakelite  
Europe N.V. 
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b) Triethylamine (TEA), styrene and di-methyl aniline from TCI Europe. 
c)    Methacryloyl chloride (MC) and anhydrous tetrahydrofuran (THF) from   Aldrich. 
d)   Accelerator G (1 wt. % cobalt octoate in styrene) from Scott Bader. 
 
7.1.2 Preparation of methacrylated D31459 novolac resin 
D31459 novolac (50 g, 0.4717 moles of phenol) was dissolved in anhydrous THF (120 ml) 
in a 700 ml quick-fit round bottom flask purged with nitrogen and equipped with a 
condenser, thermometer and mechanical stirrer. During dissolution, the temperature was 
slowly raised to 60 ˚C. When the dissolution was completed, TEA (57.3 g, 0.5660 moles) 
was added very slowly to the phenolic mixture, a quick addition would otherwise cause 
precipitation of the novolac. MC (59.1 g, 0.5660 moles) was dissolved in anhydrous THF 
(50 ml) and slowly added dropwise to the reaction mixture. The reaction is exothermic and 
slow addition is required to maintain 60 ˚C. The reaction was left to react over 24 h and 
cooled down to room temperature. The mixture was then filtered under vacuum using a 
Buckner funnel equipped with glass microfiber filter (0.7 µm porosity).  
 
The white precipitate (TEAˑHCl) was washed with THF (3 x 20 ml) and dried in a vacuum 
oven for 24 h at 80 ˚C. The dried TEAˑHCl was weighed and the yield was 76.6 g (77.9 g 
being the theoretical TEAˑHCl produced in 100 % methacrylation). 1 ml of the organic 
solution containing the methacrylated novolac was placed in the oven at 100 ˚C for 24 h in 
order to calculate the solid content and the yield of the methacrylated product. The solid 
content was found to be 80.9 %, which corresponds to ~99 % methacrylation.  
 
THF was then evaporated off under vacuum at a temperature below 60 ˚C. Styrene (26 g) 
was added to the mixture, which was stirred at high shear and cooled down to room 
temperature. Accelerator G (0.015 %, 0.012 g) and di-methyl aniline (0.3 %, 0.24 g) were 
added to the mixture, which was further stirred for 10 minutes at high shear. (Before use, 
32 wt. % styrene is added to M-Nov as a reactive solvent.) 
 
7.2 Structural characterization of uncured and cured modified novolac 
resin by IR-ATR  
IR-ATR analysis has been carried out on unmodified novolac resin and on the 
methacrylated novolac resin to confirm the incorporation of methacryloyl functional 
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groups into the novolac structure and also to structurally characterise cured cast resins. The 
chemical reaction involved in the conversion of novolac into the methacrylated novolac 
resin is shown in Figure 7.1. 
 
The IR-AIR spectra of novolac and the M-Nov are shown in Figure 7.2. The unmodified 
novolac shows a peak at 3311 cm
-1
 due to the OH stretching [1] , absorption at 3020 cm
-1 
corresponding to CH stretching of aromatic groups and absorption around 2934 cm
-1
 
corresponding to CH2 stretching [1]. 
 
 
 Figure 7.1 Chemical reaction involved in the conversion of novolac to M-Nov resin 
 
A peak at 1611 cm
-1
 indicates the presence of benzene rings in the novolac phenolic resin. 
In Figure 7.2, the characteristic peak of C-OH band of phenol has been observed at 1210 
cm
-1 
along with the two other characteristic peaks at 751 and 812 cm
-1
 of ortho- and para-
substituted phenolic hydrogen [2].  
 
After being modified with the methacryloyl functional group, the chemical structure of M-
Nov was characterised by IR, which shows absorption peaks around 1730 cm
-1 
and 1635 
cm
-1 
representing the stretching vibration bands of carbonyl and vinyl groups of the 
methacrylate pendant units, respectively [3, 4]. In addition, the disappearance of hydroxyl 
band at 3300 cm
-1 
in the spectrum of M-Nov indicates that there is a reaction between the 
hydroxyl groups of novolac and the COCl group of methacryloyl chloride. The IR results 
were confirmed by the NMR test results of Dr. Deli. 
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Figure 7.2 ATR spectra of unmodified novolac and M-Nov 
 
 
Figure 7.3 ATR spectra of UP, UP/M-Nov:50/50 and M-Nov cured cast resins 
 
The Figure 7.3 shows the IR-ATR spectra of UP, M-Nov and a UP/M-Nov:50/50 blended 
resin sample. The IR spectrum of UP/M-Nov:50/50 exhibits all the peaks of UP as well as 
M-Nov
UP/M-Nov:50/50
UP
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M-Nov the only difference observed is that a small peak at 1801cm
-1
 (from small amount 
of anhydride) of M-Nov is missing in the spectrum of the blend. In the blends, the intensity 
of the bands were reduced compared to pure resins as expected but it is difficult to quantify 
the content of resin in the blends using the intensity of the bands or confirming whether or 
not there is any reaction between the components of the blended resin due to overlapping 
peaks in M-Nov, in UP and hence also in their blends with UP. 
 
7.3 Curing behaviour study by DSC  
7.3.1 Methacrylated novolac resin (M-Nov) 
The methacrylated novolac resin is different from normal novolac resin in that the basic 
novolac resins are thermoplastic polymers. The thermoplastic novolac resin is normally 
converted into a thermoset by the addition of a curing agent, hexamethylenetetramine 
(HMTA), which initiates the formation of cross linkages in novolac resin [5-8]. In M-Nov 
resin, 32 % of styrene was added as a reactive solvent and 1 % (wt. % of resin) of M 
catalyst (methyl ethyl ketone peroxide) was added as a radical initiator to initiate the 
radical copolymerisation of M-Nov with styrene to give a similar curing mechanism as in 
UP/styrene. 
 
M-Nov and the blends of UP/M-Nov were studied by DSC. The curing behaviour of the 
resins was studied from DSC curves. Tonset, Tpeak, Tfinish were determined from the 
exothermic peak representing curing from the DSC curves of the resins and used to 
establish the optimum curing conditions for the neat resins as well as for blended resins of 
UP/M-Nov. The percentage of cure was determined by comparing the curves of uncured 
and cured resins.  
 
The DSC curve of uncured M-Nov resin in Figure 7.4 (a) exhibits an exothermic peak with 
Tonset at 49 
o
C and peak at 67 
o
C (Tpeak). This is similar to the curing exothermic peak of 
UP with Tonset at 30
  o
C and Tpeak at 80 
o
C. The values of Tonset, Tpeak and the area under the 
curve (enthalpies of curing) for UP and M-Nov are listed in Table 7.1. This suggests that 
the M-Nov resin can be cured under similar conditions as the UP. The enthalpy of curing 
of M-Nov is 222 J/g (282 J/g in UP) and the Tpeak temperature for the M-Nov resin is 13
 o
C 
lower than that of UP. This clearly shows that M-Nov resin can be cured under similar 
conditions as UP, i.e., 24 h at room temperature plus 6 h at 80 
o
C.  
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Figure 7.4 DSC curves of uncured and cured samples of a) M-Nov, b) UP/M-Nov: 
80/20, c) UP/M-Nov:70/30, d) UP/M-Nov:60/40 and e) UP/M-Nov:50/50 resins 
 
Percentage cure is determined by comparing areas under DSC exotherms for uncured and 
pre-cured sample. For M-Nov, there is no exotherm after curing, thus 
Percentage cure = (222-0) x 100/222 = 100 % 
 
Table 7.1 DSC peak details and heat flow values for UP, UP/M-Nov blends and 
Sample ID 
Exotherm curve (
o
C) Enthalpy of 
cure (J/g) Tonset Tpeak Tfinish 
UP 30 82 146 282 
UP/M-Nov:80/20 35 60 136 271 (270) 
UP/M-Nov:70/30 36 55 146 262 (264) 
UP/M-Nov:60/40 36 60 148 266 (258) 
UP/M-Nov:50/50 44 59 148 258 (252) 
M-Nov 49 67 170 222 
 
Note: The values in parentheses and in italics are expected values calculated from those of the 
components 
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7.3.2 Unsaturated polyester/Methacrylated novolac resin blends (UP/M-Nov) 
The DSC curve of uncured UP/M-Nov:80/20 blend (see Figure 7.4b)) shows a broader 
exothermic curve, similar to that of UP (because of 80 % UP content and only 20 % 
content of M-Nov). It has Tonset of 35 
o
C, Tpeak of 60 
o
C and the enthalpy of cure is 271 
J/g. The peak temperature and the enthalpy of cure of UP/M-Nov:80/20 blend is between 
those of the pure UP and pure M-Nov as shown in Table 7.1, indicating that it can be 
cured under conditions similar to those used for UP. 
 
The DSC curves of uncured resins such as UP/M-Nov:70/30, 60/40 and 50/50 are shown 
in Figure 7.4c), d) and e) respectively and all exhibit exothermic peaks. The narrowness 
of the exothermic peak increases with increase in M-Nov content. The Tpeak of all the 
blended resins are at around 60 
o
C and amount of heat released during the curing of 
blended resins reduces with the increase in M-Nov content (see Table 7.1). The expected 
enthalpies of cure obtained from those of components of uncured UP/M-Nov blended 
resins are reported in Table 7.1 within the parentheses and the expected values are slightly 
lower than the experimental ones except for the 70/30 blend, which is similar within 
experimental error. The DSC curve of uncured UP/M-Nov:50/50 is similar to that of pure 
M-Nov. From the DSC curves of uncured UP/M-Nov blended resins, it is found that co-
blended resins of UP/M-Nov can be cured under similar conditions to those used for as 
UP and M-Nov. After complete curing, there is no the exothermic peak observed on a 
DSC re-run as shown in Figure 7.4 b)-e). There is no significant difference in the curing 
behaviours of UP and M-Nov, as highlighted by DSC. This means that the blends of 
UP/M-Nov can be cured under the same conditions as those used for UP. 
 
7.4 Establishment of curing conditions for UP, M-Nov and UP/M-Nov 
blends 
As mentioned above, due to two similar curing mechanisms, the establishment of curing 
conditions for the above resins to get a good quality of cast resin without voids was not a  
challenging process as opposed  to when using resole phenolic resins (Section 4.2). In order 
to develop the curing conditions for the resins, the DSC tests were carried out on all the 
uncured resins and from the DSC results, it was concluded that all the blends of UP/M-Nov 
and the pure M-Nov can be cured under the curing condition of room temperature for 24 h 
and can be post cured at 80
 o
C for 6 h. 
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The miscibility between UP and M-Nov resin is improved by the presence of the 
methacryloyl functional groups and also by high-shear mechanical stirring. In order to get 
void free and good quality cast resin samples, the very low-heating rate of 3
 o
C/ min has 
been used to cure the pure and co-blended resin samples.  
 
7.5 Compatibility study between the resins in UP/M-Nov blends by 
DMTA 
7.5.1 Tan delta 
DMTA was performed on all cast resin samples. From the Tan δ versus temperature curves, 
the glass transition temperature, Tg, for each sample was determined; the values are 
reported in Table 7.2. Figure 7.5 shows the Tan δ curves of UP, UP/M-Nov and M-Nov. 
The pure resins, UP and M-Nov, each display a single Tg. As expected, similar to other 
phenolic resins, the cured M-Nov resin has a much higher Tg than UP (Figure 7.5). 
  
 
Figure 7.5 Tan Delta vs. temperature curves of cured UP, M-Nov and UP/M-Nov 
blends 
 
The Tg values of blends are between the values of the individual resins. In Figure 7.5, UP 
and M-Nov display Tg of 92 ˚C and 182 ˚C, respectively. From Figure 7.5, the variation of 
Tan δ of cured pure resins of UP/M-Nov blends with temperature can be observed. The 
peak temperature of the Tan δ curve is used as the measure of Tg of the sample. From the 
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Figure 7.5, it is found that the Tan δ curve of M-Nov is much broader than that of UP, 
indicating that M-Nov can retain its mechanical properties at higher temperature. 
 
The UP/M-Nov blended resin samples show single Tg values (one significant peak 
maximum in Tan δ vs. Temperature plot), indicating that compatibility is achieved between 
the UP and M-Nov resin by reactive blending of two resins. This implies that the blended 
resin sample acts as a single homogeneous material and that M-Nov can be co-cured with 
UP. The Tg values of the blended resins are intermediate between the Tg values of pure UP 
and pure M-Nov resin and it is also found the Tg increases with increasing M-Nov content 
(see Table 7.2). UP/M-Nov blended resins have higher Tg than UP as shown in Table 7.2. 
Among the blended samples, the 50/50 blend has shown highest Tg of 126 ˚C. Similar to 
UP/M-Nov:50/50 blend, the 80/20, 70/30 and 60/40 blends of UP/M-Nov have shown 
single Tg values of 116, 123 and 125 ˚C respectively. From Table 7.2, it is observed that 
there is not much difference between the Tg values of the 70/30, 60/40 and 50/50 blends. 
 
Table 7.2 Tg and storage modulus values of cured cast resin samples of UP, M-Nov 
and UP/M-Nov blends from DMTA results 
Sample ID Storage modulus at 40 OC (MPa) Tg (peak max of Tan δ) (
O
C) 
UP 2657 92 
UP/M-Nov:80/20 2860 116 
UP/M-Nov: 70/30 3250 123 
UP/M-Nov: 60/40 3011 125 
UP/M-Nov: 50/50 2591 126 
M-Nov 2130 182 
 
7.5.2 Storage modulus 
The storage modulus vs. temperature curves recorded by DMTA for all the cured cast resin 
samples of UP, M-Nov and the UP/M-Nov blends are shown in Figure 7.6 and their storage 
modulus values at 40 ˚C are reported in Table 7.2. The variation of the storage modulus 
with temperature is mainly used to confirm the retention of mechanical properties of the 
resin at high temperature. A material with slow decrease of storage modulus at higher 
temperature will have better retention of mechanical properties at higher temperature. 
From Figure 7.6, it is observed that the storage modulus decreases with increase in 
temperature. A sharp decrease in the storage modulus value of cured UP are seen after 50 
˚C (see Figure 7.6) and is attributed to the segmental mobility of the molecular chains 
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related to Tg of the UP resin [9]. But in M-Nov there is no sudden fall in storage modulus 
values because of higher Tg (182 ˚C). In the storage modulus curves of cured UP and M-
Nov, the flat plateau indicates the completeness of curing (see Figure 7.6). 
 
From Table 7.2, it can be seen that the storage modulus value for cured M-Nov at 40 ˚C is 
2130 MPa whilst for UP it is 2657 MPa. On the other hand the M-Nov shows higher 
storage modulus values with respect to higher temperature above 92 ˚C, whereas in cured 
UP above 92 ˚C (Tg) the storage modulus value is less than 35 MPa.  
 
 
Figure 7.6 Storage modulus vs. temperature curves of cured cast samples UP, M-Nov 
and UP/M-Nov blends of cured cast resin samples 
 
From the Figure 7.6, it is clear that the storage moduli of UP/M-Nov blends are greater than 
those of the pure UP and M-Nov resin upto 70˚C. It is noted, that the storage modulus 
values at 40 ˚C of blended resins are greater than pure UP and pure M-Nov resins, 
indicating greater compatibility and strong three-dimensional network formation between 
the UP and M-Nov resins in the blends. This can result in higher mechanical properties in 
the blends. 
 
The storage moduli of UP/M-Nov:80/20, UP/M-Nov:70/30 and UP/M-Nov:60/40 are 2860, 
3250 and 3011 MPa respectively, which are higher than for the 50/50 blends or cured UP 
and M-Nov. However, the 50/50 blend shows a higher storage modulus at higher 
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temperature than the other blends, which is similar to the behaviour of the cured M-Nov 
resin.  
  
7.6 Morphology of cured cast resins of UP, M-Nov and UP/M-Nov by 
scanning electron microscopy (SEM)  
The DMTA results have shown good compatibility between UP and M-Nov resin. The 
morphology of the fractured sections of the cured cast resin samples of UP, M-Nov and the 
blends of UP/M-Nov were investigated using SEM. Figure 7.7 shows the SEM images of 
the fractured surfaces of the cured resins. The fracture surface of cured M-Nov is slightly 
rougher than that of UP. The blended resins have shown slightly rougher surfaces without 
voids and no obvious sign of phase separation. Most probably, the existence of high 
degrees of cross linking and compatibility in the blended samples are responsible for their 
homogeneity. Finally, the micrographs of the fracture surface in UP/M-Nov blends are 
comparable to those of the pure materials seen in Figure 7.7. This confirms that UP and M-
Nov can blend together and can be co-cured to give a compatible homogenous product in 
which the two polymers are intimately entangled and cross-linked, forming a co-continuous 
cross linked matrix without any phase separation. 
 
 
Figure 7.7 SEM photomicrographs of fracture surfaces of the blends, UP, M-Nov, 
UP/M-Nov:70/30 and UP/M-Nov:50/50 
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7.7 Flammability behaviours of cast resins 
7.7.1 Limiting oxygen index (LOI) 
 The LOI values of pure UP, M-Nov and UP/M-Nov blends are listed in Table 7.3 along 
with the ΔLOI values (LOI of sample – LOI of UP) and the calculated LOI values from the 
components of the blends. Figure 7.8 demonstrates the relationship between M-Nov 
content and ΔLOI in UP/M-Nov blended resins. From Table 7.3, the LOI of M-Nov is 21.3 
% higher than that of UP. The LOI values for cured blends are between those of UP and 
M-Nov. As expected, the LOI values of UP/M-Nov blends increase as the content of M-
Nov increases (see Table 7.3). In order to investigate the  interaction between the UP and 
M-Nov in their blends and also to study the improved flammability of UP/M-Nov blends, 
the LOI values were calculated with respect to their mass fraction of the components in the 
blends, assuming a rule of mixtures applies (see  Table 7.3). It can be seen, that the 
calculated LOI values are slightly lower than that of the experimental LOI values, which 
indicates the slight positive effect (see Figure 7.8). This positive effect is opposite to that 
observed in Figure 4.21(see page 92) when a resole phenolic resin is present. 
 
Note: Dashed line indicates expected trend in LOI, assuming a rule of mixtures applies 
Figure 7.8 ΔLOI % vs.  M-Nov content (wt.%) 
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Table 7.3 Limiting oxygen index of cured UP, UP/M-Nov and M-Nov cast resins 
Sample ID LOI (%) ∆ LOI 
UP 17.9 + 0.1 0 
UP/M-Nov:80/20 19.0 + 0.1 (18.6) 1.1 
UP/M-Nov: 70/30 19.1 + 0.2 (18.9) 1.2 
UP/M-Nov: 60/40 19.5 + 0.1 (19.3) 1.6 
UP/M-Nov: 50/50 19.7 + 0.1 (19.6) 1.8 
M-Nov 21.3 + 0.1 3.4 
Note: The LOI values in parentheses are calculated from those of the components 
 
7.7.2 Cone calorimetry of cast resins 
The flammability behaviour of these cast resin samples was also studied using cone 
calorimetry at 50 kW/m
2
 heat flux [10, 11]. The HRR, mass loss and RSR versus time 
curves for UP, M-Nov and their blends are plotted in Figure 7.9 a), b) and c) respectively 
and the derived parameters are listed in Table 7.4 along with FPI and FIGRA values.  
 
∆ PHRR (PHRR value of sample – PHRR of UP), ∆THR, ∆TSR and the wt. % residue vs. 
M-Nov content are plotted in the Figure 7.10 a)-d) to illustrate the effect of M-Nov content 
nature. From Table 7.4, it can be seen that the time to ignition of M-Nov (41 s) is similar to 
that of UP. However, M-Nov resin burns for a longer time: FO 202 s, compared to 178 s of 
UP. The HRR curve of M-Nov in Figure 7.9 a) is shallower (PHRR = 804 kW/m²) and 
broader than UP because of slow combustion of M-Nov, which is the opposite of that of 
UP (PHRR = 1130 kW/m²); i.e. there is a 29 % reduction in PHRR in M-Nov (see Table 
7.4) when compared to that of UP. Moreover, the amount of total heat released during 
burning of M-Nov is (61 MJ/m
2
), 29 % less than that in UP (83 MJ/m
2
). In M-Nov, the 
char acts as thermal barrier similar to other phenolic resins [12-14]. The char yield of M-
Nov is 19.3 % (UP has 1.9 %) which can be seen in Figure 7.10 d). In addition, the mass 
loss vs. time curves in Figure 7.9 b) show that M-Nov has lower mass loss at any time than 
UP. The char yield of M-Nov is comparatively lower than those of other unmodified 
novolac resins because of the absence of combustible methacryloyl groups in the latter. 
Smoke production in M-Nov (3512 m
2
/m
2
) is 27 % less than that in UP (4813 m
2
/m
2
) as 
can be seen in Figure 7.9 c).
 
This may be due to slight reduction in styrene content in M-
Nov compared to that of UP. The TTI for the blends of UP/M-Nov have shown no large 
difference in their values. But there is a little increase in their times to flame out in that FO 
increases with an increase in M-Nov content (see Table 7.4). 
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Figure 7.9 a) HRR; b) mass loss and c) rate of smoke release vs. time curves for UP, 
M-Nov and UP/M-Nov cast resins at 50 kW/m
2
 external heat flux  
 
From Figure 7.9 a), the reduction in PHRR values and the different shape of the HRR 
curves can be clearly seen. The PHRR values of UP/M-Nov blends of 80/20, 70/30, 60/40 
and 50/50 are 988, 932, 892 and 840 kW/m², respectively. Figure 7.10 a) shows ∆PHRR 
vs. M-Nov content. The HRR curve of UP/M-Nov:50/50 is similar to that of M-Nov 
because this blend contains the highest M-Nov content among the blended samples. Figure 
7.9 b) clearly shows the improvement in the char yield and that there is a gradual increase 
in char yield from UP/M-Nov:80/20 blend to the 50/50 blend because of the higher M-Nov 
content (char former) as discussed above. The total heat release (THR) values also show a 
similar trend to the PHRR values in the UP/M-Nov blends. 
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Table 7.4 Cone calorimetry results for cast resin samples of UP, M-Nov and UP/M-Nov blends at 50 kW/m
2
 heat flux 
Sample 
Cone results 
FPI 
(kW
-1
m²s) 
FIGRA   
(kW/m²s
-1
) TTI 
(s) 
FO 
(s) 
PHRR 
(kW/m²) 
THR 
(MJ/m
2
) 
TSR 
(m²/m²) 
CY 
(%) 
UP 38 178 1130 83 4813 1.9 0.034 10.09 
UP/M-Nov:80/20 39 178 988 (-13) 70 (-16) 4103 (-15) 5.7 0.039 10.74 
UP/M-Nov: 70/30 39 181 932 (-18) 68 (-18) 3909 (-19) 7.6 0.042 9.23 
UP/M-Nov: 60/40 38 183 892 (-21) 66 (-21) 3815 (-21) 9.7 0.043 9.39 
UP/M-Nov: 50/50 39 187 840 (-26) 64 (-23) 3623 (-25) 12.4 0.046 8.66 
M-Nov 41 202 801 (-29) 61 (-27) 3512 (-27) 19.7 0.051 8.09 
 
    Note: The probable errors in values for the different parameters are: TTI = ± 2; PHRR = ± 33; THR = ± 2.1; TSR = ± 133; CY = ±1.3; 
              FPI = TTI/PHRR; FIGRA=PHRR/tPHRR. 
                Percentage reduction with respect to the values for UP given as negative values within the parentheses.
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Figure 7.10 Effect of M-Nov content on a) ∆PHRR, b) ∆ THR, c) ∆TSR and d) ∆ % 
residual mass in UP/M-Nov blends 
 
The values of PHRR, THR and TSR and CY of UP/M-Nov are between those of the pure 
UP and M-Nov (see Table 7.4). Figures 7.10 a), b), c) and d) give the ∆values of cone 
calorimetric results for the blended resins and show the improved flammability behaviour 
of UP/M-Nov blended resins arising from the M-Nov content. The charring tendency of 
the resins can be ranked as: 
M-Nov > UP/M:50/50 > UP/M:60/40 > UP/M:70/30 > UP/M:80/20 > UP 
From the flammability tests it is observed that although the M-Nov resin is a char former, 
owing to the styrene (32 % as a reactive solvent) presence, it could not reduce the 
flammability to a large extent. 
 
7.7.3 Fire safety rating  
The UP/M-Nov blends have also  been ranked with two other fire parameters, FPI (Fire 
Performance Index) and FIGRA (Fire Growth Rate) as listed in Table 7.5. FPI is derived 
from the ratio TTI/PHRR and FIGRA from PHRR/tPHRR, where tPHRR is the time to 
PHRR, as explained in Chapter 4. Materials with higher FPI are preferred for better flame 
retardancy than  materials with lower FPI because of the greater fire risks associated with 
the latter. From Table 7.4, it can be seen that the FPI values of UP/M-Nov blends gradually  
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increase with increasing M-Nov content, suggesting that UP/M-Nov blends pose a lower 
fire risk than UP.   
 
FIGRA is associated with the burning propensity of a material. From Table 7.9, it can be 
seen that the FIGRA values  of UP/M-Nov blends are lower than that of  UP , indicative of   
slower fire growth in the blends and thus their better flame retardancy. From FPI and 
FIGRA values, it can be seen that the overall fire safety of the UP/M-Nov blended 
materials is better than that of UP. 
 
7.8 Thermal stability 
7.8.1 Thermogravimetric analysis  
M-Nov in air 
Thermal stability of UP, M-Nov and their blended resins were investigated by thermo 
gravimetric analysis (TGA). Figure 7.11 a1), a2) show the mass loss curves from TGA for 
UP, M-Nov and their blends; in b1, b2) are their derived thermo gravimetric (DTG) curves 
and in c1), c2) are the DTA curves plotted against temperature. Traces a1), b1), c1) are 
recorded in air while a2, b2, c2) are in nitrogen. DTA and TGA parameters derived from 
traces recorded in air and nitrogen are listed in Tables 7.5 and 7.6, respectively. The results 
for UP have already been analysed and explained in detail in Chapter 4. 
 
As seen from Figure 7.11 a1), the mass loss curve of M-Nov in air indicates two main 
degradation stages similar to those in UP. In M-Nov, the initial mass loss of 2.7 % occurs 
between RT-295 
o
C. First main stage of degradation stage of M-Nov starts from 295 
o
C 
and it ends at 489 
o
C with the peak degradation temperature of 422
 o
C which is 50
 o
C 
higher than UP (UP-373 
o
C). The mass loss in the first degradation stage of M-Nov is 55.7 
% and this is due to the breakdown of polystyrene crosslinks, methacrylate units and 
methylene linkages [15]. This first stage gives rise to a small endothermic peak at 427
 o
C 
shown in DTA curve Figure 7.11 c1) owing to the positive enthalpy of evaporation of the 
degradation products. The second degradation stage is from 489
 o
C to 601 
o
C with a mass 
loss of 41.2 % and the peak degradation temperature is 563 
o
C (in UP it is 532
 o
C). The 
second stage represents oxidation of the char. This char oxidation stage gives rise to an 
exothermic peak, with a maximum at 561 
o
C (see Figure 7.11 c1)).  
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Figure 7.11 a1, a2  TGA curves  and b1, b2 Derivative weight loss curves  and c1, c2 
DTA curves of cured UP, M-Nov resins and their blends with UP; (a1, b1, c1) in air 
and (a2, b2, c2)  in nitrogen 
 
In Figure 7.11 a1), the mass loss curve of M-Nov clearly shows the greater thermal 
stability of M-Nov over UP at all stages of degradation/ temperatures. The M-Nov resin is 
completely degraded at 601
 o
C (see Figure 7.11 b1)) and leaves no residual char. Table 7.5 
the residue at 525 
o
C (a temperature lower than the complete degradation temperature of 
UP and M-Nov) is taken to compare the char residue for the different resins. For the M-
Nov, the amount of residue is 35.3 % which is much higher than that of UP which is 2.8 %. 
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Table 7.5 DTA – TGA analysis in air 
Sample 
Temp 
range (
o
C) 
Mass loss 
(%) 
DTG max 
(
o
C) 
DTA (Exo) 
peak max (
o
C) 
Residue at 
525 
o
C (%) 
UP RT-183 0.9     
2.8 
  183-435 93.1 373 352(En,S):404 
  435-566 5.6 532 533 
UP/M-Nov:80/20 RT-206 1.4 
 
355(En) 
9.5 
  206-459 84.5 381 425 
  459-599 14.1 540 538 
UP/M-Nov:70/30 RT-251 2.1   377(En) 
14.8 
  251-472 78.3 371,411(S) 397,441(S) 
  472-593 19.2 522 553 
UP/M-Nov:60/40 RT-251 2.3   368(En) 
15.2 
  251-475 75.3 370,404(S) 391(S),423 
  475-596 22.1 548 545 
UP/M-Nov:50/50 RT-251 2.4   348 (En) 
19.1 
  251-477 70.7 372,413(S) 392 
  477-594 26.7 543 541 
M-Nov RT-295 2.7   
 
35.3 
  295-489 55.7 422 427(En) 
  489-601 41.2 563 561 
 
Note: S= small (shoulder peak); En =endothermic peak (all other DTA peaks are exothermic) 
 
 
M-Nov in nitrogen  
Figures 7.11 a2) and b2) show the mass loss curve and DTG curve of M-Nov in nitrogen. 
The M-Nov exhibits a single stage mass loss similar to that of UP, and it occurs between 
246 
o
C and 567 
o
C with 72.3 % mass loss (UP is 94.8 %) and DTG max at 431
 o
C. There is 
a small exothermic peak at 152
 o
C, which may indicate some further curing of the resin 
(see Figure7.11 c2). The single stage decomposition is associated with a single 
endothermic DTA peak at 435
o
C, as shown in Figure 7.11 c2).   
 
UP/M-Nov blended resins in air and nitrogen 
Figure 7.11 a1), b1), gives the mass loss curve and DTG curve of UP/M-Nov:80/20 blends 
in air and indicates that there are two stages of degradation, similar to those in UP and M-
Nov. From Figure 7.11 a1), it can be seen that there is a small mass loss of 1.4 % between  
room temperature and 206 
o
C probably associated with dehydration, or solvent 
evaporation, similar to the pure resins other blends. The first stage of significant 
degradation occurs between 206 
o
C and 459
 o
C, with a mass loss of 84.5 % and DTG max 
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of 381 
o
C, which behaviour is similar to UP but with slight increase in the temperature 
range of degradation. In UP/M-Nov:80/20, the second stage of mass loss is only about 14.7 
% between 459 
o
C and 599
 o
C and with a DTG max at 540 
o
C associated with the 
exothermic peak at 538
 o
C in the respective DTA curve (Table7.5). However, the residue at 
525
 o
C (a temperature lower than the complete degradation temperature of UP and M-Nov) 
is taken to compare the residue for different resins. For the UP/M-Nov: 80/20 blend, the 
amount of residue is 9.5 % which is much higher than that of UP which is 2.8 %. The 
thermo oxidative degradation (second stage) of blends show larger peaks in DTG curves 
indicating  higher char yield and more thermal stability similar to that of M-Nov. The TGA 
curve of the 80/20 blend shows the overall improvement in thermal stability compared 
with that of pure UP, in particular in char formation and in the higher temperatures of 
second stage of degradation because of the M-Nov content.  The UP/M-Nov:70/30, 60/40 
and 50/50 blends exhibit similar trends in their TGA, DTG and DTA curves (see Figure 
7.11 a1), b1), c1)). It is clearly noticed from the Figure 7.11 a1), b1) and from the Table 
7.6 that the DTG max shifts to higher temperatures for both first and second stages of 
degradation, and that the residue at 525
 o
C increases with an increase in M-Nov content of 
blends; the residue of UP/M-Nov:70/30 and 60/40 and 50/50 at 525 
o
C is 14.8, 15.2 and 
19.1 % respectively. 
 
In nitrogen, the TGA, DTG curve of UP/M-Nov:80/20, 70/30, 60/40 and 50/50 blends 
have shown single stage degradation similar to UP and M-Nov. In these blends, thermal 
stability is improved mainly in the condensed phase (higher char %) owing to the presence 
of the novolac phenolic resin which acts as a char former. As in air, the blends show a 
higher degradation temperature and higher char yield than UP (see Table 7.5). The char 
yield increases with an increase in M-Nov content.  
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Figure 7.12 a1), a2) and b1), b2) are experimental and calculated TGA curves for 
UP/M-Nov:70/30 and UP/M-Nov:50/50 resins in air and nitrogen and c1), c2) Mass 
difference between experimental and calculated curves against temperature for 
UP/M-Nov blends in air and nitrogen 
 
In Figure 7.12 a1), a2) and b1), b2), the calculated mass losses ((mass fraction of UP × 
measured mass loss of cured UP) + (mass fraction of M-Nov × measured mass loss of 
cured M-Nov)) for UP/M-Nov:70/30 and 50/50 blends in air and nitrogen are given to 
illustrate the differences between these and the experimental results (actual mass losses 
from TGA tests) and to look for any reaction between UP and M-Nov. From Figure 7.12 
a1), a2) and b1), b2) it can be seen that there is a slight difference in the experimental and 
calculated curves in air and nitrogen for 70/30 and 50/50 blends. In air, the experimental 
mass loss is slightly lower than the calculated values from room temperature to around 500 
o
C in both 70/30 and 50/50 blends. In air, the blends of UP/M-Nov:70/30 and 50/50 show 
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greater thermal stability than UP as expected, also in other blends of 80/20 and 60/40. 
From Figure 7.12 c1) and c2), it is noticed that in air and nitrogen there is a small mass 
difference between experimental and calculated curves for UP/M-Nov blends and also 
there is a trend (Figure 7.11 c2), indicating that there is no inter-reaction between the 
components of the blends but more likely just  formation of an IPN. The reaction or the 
cross linking between the UP and M-Nov might be achieved through the styrene which 
was added in M-Nov. However, in terms of thermal stability and thermo-oxidative stability 
(reduced mass loss rates), all blends are better than UP, the best value being shown by 
UP/M-Nov:50/50 blend. 
 
Table 7.6 DTA – TGA analysis in nitrogen 
Sample 
Temp 
range (
o
C) 
Mass loss 
(%) 
DTG 
max (
o
C) 
DTA (Endo) 
peak max 
(
o
C) 
Residue at 
525 
o
C (%) 
UP RT-183 0.9     
2.5   183-462 94.8 383 369 
UP/M-Nov:80/20 RT-206 0.7   174(Ex)  
7.9   206-503 90.8 403 386 
UP/M-Nov:70/30 RT-213 0.8   174(Ex)  
10.2   213-516 88.8 406 380 
UP/M-Nov:60/40 RT-223 0.7   174(Ex)  
12.9   223-516 86.7 411 380 
UP/M-Nov:50/50 RT-231 1.1   173(Ex)  
13.7   231-537 85.6 414 371 
M-Nov RT-246 0.9   152(Ex)  
28.7   246-567 72.3 431 432 
 
Note: s= small (shoulder peak), Ex= Exothermic peak (all other peaks are endothermic) 
 
 
7.8.2 Evolved gas analysis 
The gases evolved during the thermal decomposition of UP, M-Nov and their blends in 
nitrogen were analysed with TG-FTIR results to identify the thermal degradation 
mechanism.  
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a) UP 
 
b) M-Nov 
   
c) UP/ M-Nov:70/30 
  
 
Figure 7.13 FTIR of evolved gases in nitrogen:a) UP, b) M-Nov and c) UP/M-
Nov:70/30 
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Figure 7.13 a), b) and c) show the IR absorbance spectra recorded for volatile products of 
degradation of UP, M-Nov and UP/M-Nov: 70/30 blend at different temperatures in 
nitrogen. The intensities of the bands in these spectra and those of other resins and resin 
blends were used to construct the plots of amount of degradation product versus 
temperature presented in Figure 7.14. In UP evolution of of carbon dioxide (2360 cm
-1
) , 
phthalic anhydride (1866 cm
-1
) , (styrene 700 cm
-1
) and compounds containing aliphatic 
groups (2925 cm
-1
), benzenoid groups (1600 cm
-1
) and aromatic groups (3025 cm
-1
)
  
under 
nitrogen have been reported  in Chapter 4. The relative amounts of gases evolved in 
arbitrary units (area under FTIR peak/mass of the sample) are listed in the Table 7.7. From 
Figure 7.13 and 7.14, it can be seen in a single stage thermal degradation, UP evolves 
mainly three components: phthalic anhydride (through cyclo-elimination between ~200 
and 225 
o
C with a maximum at 385
 o
C), styrene (depolymerisation of polystyrene 
crosslinks start at 270 C with a maximum at 400 C) and CO2 (decarboxylation start at 
285 C with a maximum at 375 C) (see Table 7.7).  
 
M-Nov resin 
The gases evolved during the thermal degradation of M-Nov resin were similar to those 
from resole phenolic resin, as described in Chapter 4. This indicates that the novolac 
phenolic resin has similar thermal degradation mechanism as resole phenolic resin. 
However, the major difference is that the methacrylated novolac resin also evolves styrene 
(32 % styrene was added into the M-Nov resin at the end of chemical synthesis of M-Nov 
as a reactive solvent). As discussed in Chapter 4, the volatiles evolved during the thermal 
degradation of phenolic resins include alcohols, formaldehyde, CO2, methane, phenol, and 
various other aromatic compounds. The volatiles identified in FTIR spectra recorded on 
degrading M-Nov resins include CO2, compounds containing aliphatic C–H, and aromatic 
species, all with peaks in similar positions to those in the spectra of the volatile 
degradation products from UP. However, additional assignments can be made: 
 
Formaldehyde: Small peak at 1720–1740 cm-1, C=O stretch. 
CO: 2184 - 2100 cm-
1 
[16]. 
Phenol: 3700–3603 cm-1, with maximum at 3647 cm-1, O–H stretch.  
Methane: 3300–2650 cm-1, with maximum at 3016 cm-1, C–H stretch. 
Methacrylic acid/anhydride: 1800-1660 cm
-1
, with maximum at 1775 cm
-1
, C=O stretch 
[17].  
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In instances in which methane is a major constituent of the evolved gases, the 
characteristic P and R rotational fine structure of the methane spectrum is seen and 
measurement of methane band intensity is taken from the (Q) central band.  
 
 
Figure 7.14 Absorbances of pyrolysis products for UP, M-Nov and UP/M-Nov blends 
as a function of temperature obtained from TGA-FTIR in nitrogen 
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                           M-Nov                    Methacrylate radical          Methacrylic acid  
Scheme 7.1 A possible reaction during thermal degradation of methacrylated novolac 
(M-Nov) 
 
The single stage thermal degradation of crosslinked M-Nov occurs mainly by random 
chain scission which leads to the formation of M-Nov monomers. Further degradation of 
M-Nov leads to the formation of methacryloyl radicals. These radicals further acted with H 
atoms from the degradation process to form methacrylic acid, evidence of which is seen in 
the FTIR spectrum of M-Nov in Figure 7.13 b) from 300 C to 431 C at 1775 cm-1 (see 
Scheme 7.1). Methacrylic acid degrades further to methane at higher temperature (see 
Figure 7.14). However, in blends it is not able to clearly identify the methacrylic acid 
because its carbonyl peak is overlapped with that of phthalic anhydride peak at 1800 cm
-1
.
 
 
 
Table 7.7 Quantities of evolved gases calculated from TGA-FTIR of UP, M-Nov and 
their blends in nitrogen 
Sample 
Gas evolved (FTIR peak( (cm
-1
)x10
-2
)) 
CO2 Phenol Phthalic 
anhydride 
Styrene Methane Aromatic 
compound 
Aro.Hyd. 
carbons 
Ali.Hyd. 
carbons 
-2360 -3647 -1866 -700 -3016 -1600 -3025 -2925 
UP 1.91 0.00 2.68 2.53 0.00 0.39 1.11 1.49 
UP/ 
M-Nov 
:80/20 
1.58 0.07 1.52 1.88 0.12 0.31 0.86 0.89 
1.98 0.07 2.14 2.17 0.12 0.41 1.04 1.40 
UP/ 
M-Nov 
:70/30 
1.66 0.10 1.39 1.85 0.21 0.36 0.86 0.88 
2.02 0.11 1.88 1.98 0.17 0.42 1.00 1.35 
UP/ 
M-Nov 
:60/40 
1.71 0.12 1.26 1.59 0.27 0.42 0.86 0.84 
2.06 0.15 1.61 1.80 0.23 0.43 0.97 1.30 
UP/ 
M-Nov 
:50/50 
1.67 0.12 1.06 1.22 0.29 0.45 0.72 0.63 
2.10 0.19 1.34 1.62 0.29 0.44 0.93 1.26 
M-Nov 2.28 0.37 0.00 0.71 0.58 0.48 0.75 1.03 
 Note: Red color and italic fonts are calculated averages from pure UP and M-Nov values. 
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CO2 is produced in M-Nov at < 300 
o
C. However, the quantities are greater than those 
from resoles because of degradation of methacrylate groups and because of 
decarboxylation of minor carbonyl-containing oxidized structures in phenolic resins as 
discussed in Chapter 4. 
 
The peak for styrene is observed at < 360
 o
C (see Figure 7.14). The peaks for carbon 
monoxide and formaldehyde are very small and the formaldehyde peak overlapped with 
other component peaks in UP. 
 
The other components such as aliphatic, aromatic hydrocarbons and the phenols were 
evolved at > 350 
o
C and maximum at 431
 o
C and end at around 600 
o
C as is similar in 
resole phenolic resins. The quantity of components evolved is listed in the Table 7.7. 
 
UP/M-Nov resin blends 
All the species identified in gases evolved during degradation of UP and M-Nov resins in 
nitrogen, are found also in the gaseous degradation products from UP/M-Nov resin blends, 
as can be seen from Figure 7.14. However, while the yields of most products from the 
blends, such as phenol, methane, phthalic anhydride, aliphatic and aromatic hydrocarbons, 
benzenoid groups, styrene and CO2 lie between those of respective resin components (see 
Table 7.7).  
 
However, quantitative analyses (Table 7.7) show that yields of gases from the blends are 
significantly different from calculated averages ((quantity of gas evolved in pure UP x 
mass fraction of UP) + (quantity of gas evolved in pure M-Nov x mass fraction of M-
Nov)). In particular, yields of CO2 (evolved by both UP and M-Nov components), phthalic 
anhydride (only from UP), styrene (from both UP and M-Nov components) and total 
aliphatic species (from both components) are all lower than might be expected over the 
range of blend compositions studied. This is further evidence that the blends pyrolyse 
slightly less readily than might be expected and that this is possibly owing to some 
protection of the polyester sequences by the co-cured phenolic sequences, especially given 
that phthalic anhydride is only evolved by UP, whereas the yields of phenol and methane, 
which are evolved only from the M-Nov, are not much different from the calculated 
values. 
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Part II. Composites 
 
In this part of the Chapter, the mechanical properties and the flammability behaviour of 
composite laminates have been analysed. GFRCs of pure UP, M-Nov and UP/M-Nov: 
50/50 were prepared using hand lay-up followed by vacuum bagging. The mass fraction of 
resin and the glass fibre was similar in all three composites (~56 % glass fibre and ~44 % 
resin), the thicknesswas ~2.5 mm. All three composites were visually good with uniform 
plain surfaces without any voids.  
 
7.9.1 Mechanical Properties of composite laminates  
7.9.1.1 Tensile Tests 
The stress versus strain curves of the glass fibre reinforced composites (GRFC) under 
tensile load are shown in Figure 7.15.  
 
 
Figure 7.15 Stress vs. strain curves for GFRCs of UP, M-Nov and UP/M-Nov: 50/50 
blend under tensile mode 
 
The slope of stress-strain curves for pure UP, M-Nov and the UP/M-Nov:50/50 co-blended 
resin matrix GRFCs are similar. The tensile moduli normalised with respect to 40 % fibre 
volume fraction (FVF) of all samples and their original tensile moduli are given in Table 
7.8. The tensile modulus of GRFC of UP w.r.t. 40 % FVF is 12.6 GPa. The normalised 
tensile moduli of UP/M-Nov:50/50 blend and M-Nov are 12-12.1 GPa.  The value is 
similar to UP, which is as expected as tensile properties are fibre dependent. Some 
reduction observed could be due to lower fibre-resin interface bonding in some cases. 
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Table 7.8 Mechanical properties of GFRCs of UP, UP/M-Nov and M-Nov  
Sample ID 
Thick. 
(mm) 
Fibre 
wt.% 
Resin 
wt.% 
Tensile Modulus (GPa) 
Flexural 
Impact 
Modulus 
(GPa) 
Modulus (GPa) 
Original 
Normalised  
w.r.t. 
40 % FVF 
Original 
Normalised 
w.r.t.  
40 % FVF 
UP 2.4 57 43 11.1 ± 0.6 12.6 15.8 ± 0.6 18.0 19.6 ± 0.0 
UP/M-
Nov: 2.5 55 45 11.8 ± 0.1 12.0 17.5 ± 0.4 17.8 19.8 ± 0.2 
50/50 
M-Nov 2.4 57 43 11.5 ± 0.2 12.1 17.1 ± 0.2 18.0 18.9 ± 0.6 
Note:   The variations in values are given as + values. 
 
7.9.1.2 Flexural Test 
The stress versus strain curves of the GRFC under three point bending mode are shown in 
Figure 7.16. The flexural moduli of all samples are given in Table 7.8.  
 
Figure 7.16 Stress vs. strain curves for GFRC of UP, M-Nov and UP/M-Nov: 50/50 
blend under flexural mode 
 
The flexural modulus of GRFC of UP w.r.t. 40 % FVF is is 18.0 GPa and for M-Nov 
laminate is also 18.0 GPa, while in blended samples it is 17.8 GPa. This could be because 
the novolac phenolic resin was modified into methacrylated novolac resin and which was 
cured similar to UP (radical polymerisation) as opposed to condensation polymerisation 
reactions typical of resole phenolic resins. The avoidance of condensation polymerisation 
helps to eliminate void formation arising from water evolution during curing of the resin, 
resulting in retention of good mechanical properties. In addition, UP chains may have a 
plasticising effect on the phenolic resin leading to a reduction in viscosity of the system. 
This makes the physical escape of volatile matter from the resin easier, resulting in fewer 
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voids and retention of good mechanical properties [18]. Since the matrix mainly governs 
the flexural properties, it can be understood that the blended resin matrix acts as a single 
material and has a good interface with glass fibres in the composite laminates. This can be 
supported with the DMTA results and the SEM results as discussed in Section 7.5 and 7.6. 
 
7.9.1.3 Impact test 
The effect of M-Nov in the UP/M-Nov:50/50 co-blended matrix on the impact modulus of 
the GRFC laminate was studied using the impact drop-weight test with a1.02 kg drop 
weight and 100 mm initial drop height. Figure 7.18 shows the load against deflection 
curves for UP, M-Nov and UP/M-Nov:50/50 blended matrix laminates recorded from 
impact tests. The impact moduli of laminate samples are reported in Table 7.8. From 
Figure 7.17, it can be seen that the initial slope of the load/deflection curve is similar for 
UP, M-Nov and UP/M-Nov:50/50 GFRC laminates. The impact modulus of UP is 19.6 
GPa and for M-Nov it is 19.8 GPa, while the impact modulus of UP/M-Nov:50/50 is 18.9 
GPa. However, the shape of the UP/M-Nov:50/50 load/deflection curve is similar to that of 
UP rather than that of M-Nov, the load/deflection curve for pure M-Nov being broader and 
shorter than those for the other two.  
 
After impact testing, the damaged areas, shown in the Figure 7.18 a)-c), were assessed.  
The size of the damage in UP is around 3 mm diameter, for UP/M-Nov:50/50 it is ~5mm 
diameter and for M-Nov it is ~13 mm diameter. This indicates, that both fibre and matrix 
properties influence the impact and damage tolerance of the composite laminates.  
 
Figure 7.17 Load vs. deflection curves for GFRCs of UP, M-Nov and UP/M-Nov:50/50 
from impact load of 1.02 kg and 100 mm drop height 
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The larger size damage area occurred in the M-Nov is due to the brittleness of M-Nov [19]. 
But in UP/M-Nov:50/50, the damage area is not as large as in M-Nov, indicating that the 
M-Nov content has not adversely affected the impact properties, similar to the observations 
with regard to the flexural tests.  
 
The assessment of mechanical properties of fibre-reinforced composites in Table 7.8 has 
shown that the inclusion of M-Nov in UP has not significantly affected the mechanical 
properties. This indicates the formation of a well interpenetrated network structure between 
UP and M-Nov in the blended samples.  
 
a) GRFC of UP             b) GRFC of UP/M-Nov:50/50        c) GRFC of M-Nov 
 
Figure 7.18 GRFC laminates of UP, UP/M-Nov:50/50 and M-Nov samples undergone 
impact testing 
 
7.10 Cone calorimetric results of composite laminates 
The HRR, mass loss and RSR versus time curves for UP, M-Nov and their blends in 
GFRC samples have been plotted in Figure 7.19 a), b) and c) respectively and the derived 
parameters are listed in Table 7.9. 
 
In Figure 7.19 a), it can be seen that TTI for UP is 34 s whereas in M-Nov it is 32 s i.e. 
there is little difference between the values. The HRR, mass loss and RSR versus time 
curves (see Figure 7.19 a)-c)) and the listed values in the Table 7.9 of composites show the 
same trend as for the cast resins. This indicates that the fire retardancy of the composites 
from UP/M-Nov:50/50 co-blended matrix is improved over that of UP GFRC. The 
composite sample of UP has PHRR of 599 kW/m² whilst for M-Nov it is 462 kW/m² and 
for the UP/M-Nov:50/50 blends it is 515 kW/m², i.e. between the values for the pure 
resins. The total heat released from the GRFC of UP is 32.7 MJ/m
2
, for M-Nov it is 30.2 
MJ/m
2
 and for UP/M-Nov:50/50 it is 31.7 MJ/m
2
. The same trend has also been seen in 
total smoke released (see Table 7.9). 
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Figure 7.19 a) HRR; b) mass loss and c) rate of smoke release vs. time curves for UP, 
M-Nov and UP/M-Nov composite laminates at 50 kW/m
2
 external heat flux 
 
The residual mass percentage is around 60 % for all the three GFRC samples, which is 
mainly due to glass fibre content. The samples were exposed to 50 kW/m
2
 heat flux which 
generates approximately 730 
o
C during cone calorimetric testing and at that temperature all 
the resin components (UP, M-Nov and UP/M-Nov) have been completely burnt away, 
lending support to the percentage residues recorded by TGA in air as discussed in Section 
7.8.   
 
Table 7.9 Derived cone results of composite laminates of UP, M-Nov and UP/M-
Nov:50/50 blend at 50 kW/m
2
 
Sample 
TTI 
(s) 
FO 
(s) 
PHRR 
(kW/m²) 
TPHRR 
(s) 
THR 
(MJ/m
2
) 
TSR  
(m²/m
2
) 
Res. 
mass % 
UP 34  128  599 70  32.7 1640 58.2 
UP/M-Nov:50/50 31  126 515 64  31.7 1446 60.4 
M-Nov 32  146  462 62 30.2 1296 60.1 
 
Note:  The variation in values for different parameters are as: TTI = ± 2; FO= ± 3; PHRR = ± 24;     
TPHRR = ± 2; THR = ± 0.5; smoke = ± 82; residue % = ± 1.2 
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The UP/M-Nov:50/50 co blended matrix containing GFRC has shown overall improved 
fire resistance over that of pure UP.  
 
7.11 Conclusions 
This work has shown that the M-Nov resin can be co-blended with UP resin and it can also 
be co-cured at a similar temperature to UP. The 50/50 UP/methacrylated novolac co-
blended resin systems have good compatibility with a single Tg and possesses good 
thermo mechanical properties derived from DMTA results. The interaction between UP 
and M-Nov was improved by the presence of methacryloyl functional groups in the 
novolac resin which formed the cross linkages between UP and novolac by chemical 
interaction and also helped to form well-integrated IPN structure by physical interaction. 
The thermal stability of blended resins is greater than UP and the evolved gases during the 
degradation process are in proportion to the amounts of the respective components giving 
rise to them in the blends. The LOI and cone calorimetric results have shown that the 
presence of M-Nov in the UP/PH co-blended resin improved the fire retardancy of 
the blended material. The presence of M-Nov had a minimal effect on the mechanical 
properties of composites prepared from UP/M-Nov blended resin.  
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Chapter 8: UP/melamine formaldehyde blends 
 
In this chapter blending of UP with melamine formaldehyde resin (another inherently 
flame retardant resin) is investigated. The curing behaviour, compatibility between UP and 
melamine formaldehyde resin, flammability behaviour and the mechanical properties of 
GFRC laminates are also discussed. 
 
This chapter consist of two parts: the first part discusses results for cast resin samples, 
whilst the second part considers composite laminates based on these materials. 
 
Part I Cast resins 
Cast resins were prepared by dissolving the spray dried melamine formaldehyde resin 
powder (MF600) in diethylene glycol solvent (DEG) (1:1 weight ratio). The mixture of 
MF600 and DEG is considered as a pure melamine formaldehyde resin (MF) in the 
following discussions. The MF were blended with UP in different ratios and the cast resins 
were prepared in round moulds of 5.5 cm diameter as explained in Chapter 3. 
 
8.1 Curing behaviour study by DSC  
8.1.1 Melamine formaldehyde (MF) resin 
Figure 8.1 shows the DSC curves of uncured and the cured MF600 resin (undergone 
second time scanning in DSC at 30
 o
C-300
 o
C). The uncured MF600 shows two 
endothermic peaks with Tpeak at 74
 o
C and 166 
o
C indicating that MF600 has two stages of 
curing [1]. The first endothermic curve has Tonset 30 
o
C, Tpeak 75
 o
C and Tfinish 132 
o
C and 
the second endothermic curve Tonset at 132 
o
C and Tpeak 166 
o
C (see Table 8.1). The first 
endothermic curve may be attributed to the formation of methylene ether links from pairs 
of methylol groups with the release of water and the second endothermic curve is 
attributed to the cross linking reaction (condensation reaction with the elimination of 
formaldehyde/water) [1]. 
 
Evolution of water causes a strong endothermic signal which masks the exothermic cross-
linking reaction (see Figure 8.1) [2]. After the second scanning of the sample in the DSC 
(30 
o
C to 300 
o
C), the disappearance of curing peaks indicates that the resin is completely 
cured (see Figure 8.1). 
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Figure 8.1 DSC curves of uncured and cured spray dried powder resin (MF600) 
 
Table 8.1 DSC peak details and heat flow for uncured UP, UP/MF blends and MF 
resin 
Uncured 
Sample 
Exothermic 
curve (
o
C) 
Endothermic curve (
o
C) Heat of 
reaction  
exothermic 
curve (J/g) 
Peak1 Peak 2 
Tonset Tpeak Tonset Tpeak Tonset Tpeak 
UP 30 82 - - 
 
- 282 
MF600 - - 30 75 132 166 - 
MF - - 30 134 159 185 - 
UP/MF:70/30 30 74 137 167 - - 197 
UP/MF:50/50 30 80 134 207 - - 88 
 
 
The spray dried MF600 powder was dissolved in diethylene glycol solvent in 1:1 wt. ratio 
to make a viscous MF resin to blend with UP. The DSC curve of uncured MF resin shows 
two endothermic peaks (see Figure 8.2) similar to MF600. The first endothermic curve has 
Tonset of 30 
o
C (similar to uncured UP and MF600) with a Tpeak of 134
 o
C and Tfinish of 159
 
o
C. The second endothermic curve starts at 159
 o
C with a Tpeak of 183
 o
C. As mentioned 
earlier, MF resin has two stages of curing and it is observed from the Figure 8.2, two Tpeaks 
are shifted to higher temperature when compared with the MF600 due to the presence of 
diethylene glycol (DEG), which has the boiling point of 245 
o
C. The completely cured MF 
resin shows a flat DSC trace (see Figure 8.2) when it is cured under the following 
conditions: RT - 24 h, 50 ˚C - 24 h, 80 ˚C - 12 h.  
 
Cured MF600
Uncured MF600
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Figure 8.2 DSC curves of uncured and cured melamine formaldehyde resin (MF) 
 
8.1.2 Unsaturated polyester/Melamine formaldehyde resin blends (UP/MF) 
The DSC curve of uncured UP/MF:70/30 resin in Figure 8.3, shows two step curing 
reaction, the first exothermic with Tonset 50 ˚C and Tpeak 74 ˚C and which ends at 137 ˚C 
with the heat of reaction of 196.9 J/g which resembles the DSC curve of UP (Tpeak 82 ˚C 
with the heat of reaction 282 J/g). The first stage of endothermic reaction in MF has been 
masked by the exothermic reaction of UP by its 70 wt. % ratio in this blend. The second 
stage of MF curing gives an endothermic curve, with Tonset 137 ˚C and Tpeak 167 ˚C (see 
Table 8.1). 
 
Figure 8.3 DSC curves of uncured and cured UP/MF:70/30 
 
UP/MF:70/30 uncured
UP/MF:70/30 cured
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The second stage of MF curing is the cross linking reaction by condensation process with 
the evolution of water/formaldehyde at high temperatures between 137-200 ˚C [3-5]. The 
UP/MF:70/30 blended resin is cured under  room temperature for 24 h and 80 ˚C for 24 h. 
After curing, the DSC trace of the UP/MF:70/30 resin is a flat line indicating that the resin 
is 100 % cured (see Figure 8.3). 
 
Figure 8.4 shows the DSC curve of uncured UP/MF:50/50 blended resin with the two 
stages of curing. The first exothermic curve shows the curing stage of UP and also MF’s 
first stage of curing with Tonset 30˚C and Tpeak 80˚C and with a heat of reaction of 88 J/g. 
The first endothermic reaction of curing of MF resin is masked by the exothermic reaction 
of UP and which is indicated by the low measured heat of reaction of UP (88 J/g). The 
second endothermic reaction indicating the cross linking stage of MF resin with a Tpeak of 
207 ˚C has moved to higher temperature than in UP/MF:70/30 (166 ˚C) and is also 
broader (because of higher MF content as well as the presence of DEG). The 
UP/MF:50/50  blended resin is cured under similar conditions to UP/MF:70/30 and its 
DSC trace can be seen in Figure 8.4. 
 
In order to understand the curing process in MF600, the composition and the chemical 
structure of MF600 and the possible curing reaction schemes are discussed here. MF600 is 
a standard (non-methylated) melamine-formaldehyde resin made by the condensation 
under alkaline conditions of melamine with aqueous formaldehyde in a molar ratio of 1:3. 
 
Figure 8.4 DSC curves of uncured and cured UP/MF:50/50 
 
UP/MF:50/50 uncured
UP/MF:50/50 cured
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As first prepared, it is a 50 % solution in water of a mixture of low molecular weight 
methylolmelamines in which N, N’, N”-trimethylolmelamine (I) can be expected to be the 
principal component, given that primary amine (-NH2) groups react more readily with 
formaldehyde than secondary (-NH-) ones. 
 
However, a variety of methylolmelamines can be expected to be present ranging from 
monomethylolmelamine, N,N- and N,N’-dimethylolmelamines through to penta and 
hexamethylolmelamines [5]. There will probably have been also a little condensation of 
methylolmelamines to give methylene ether linked dimeric, trimeric, tetrameric species, 
etc. Following preparation, MF600 has been spray dried to give a powder during which 
process further condensation of methylolmelamines will undoubtedly have occurred to 
give higher methylene ether linked oligomers (II). After this drying stage the overall 
average molecular weight is expected to be no higher than 1-2,000. 
 
 
 
Scheme I Trimethylolmelamine, II Formation of methylene ether linked oligomers 
 
No acid catalyst or other additive has been added to the MF600 supplied to Bolton. 
However, when MF600 is heated it can definitely be expected to autocure, because any 
free formaldehyde in the resin is likely to be converted to formic acid (which acts as an 
acid polymerisation catalyst) in a Cannizzaro reaction (III). There is another possibility, 
that free formaldehyde will be present in its monomeric form and can polymerise to give 
oligomers such as paraformaldehyde (IV). Chain extension and crosslinking in melamine-
formaldehyde resins occurs initially via the formation of methylene ether links from pairs 
of methylol groups with the release of water (II) but, at longer reaction times and higher 
temperatures, methylene links may be formed from methylene ether links with the release 
of some formaldehyde or by further reactions of methylol groups with amine groups (V).  
 
N N
NHOH2CHN NHCH 2OH
NHCH 2OH
(I)
CH2OH + HOH2C CH2OCH2 + OH2 (II)
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Scheme III Cannizzaro reaction, IV Formation of formaldehyde oligomers, V 
Formation of methylene links 
 
MF600 can also be expected to react to an extent when heated with diethylene glycol. 
Again, this is an acid catalysed reaction and will proceed via the same mechanism as in 
the reaction of methylolmelamines with methanol to give methylated resins. Since 
diethylene glycol is a difunctional alcohol, it can act as a crosslinking agent in reactions 
with methylolmelamines (VI). When mixtures of MF600 with diethylene glycol are heated 
in an open system, the release of water, formaldehyde and also any unreacted diethylene 
glycol can occur. 
 
Scheme VI Reaction between MF600 and DEG 
 
8.2 Establishment of curing conditions for UP, MF and UP/MF blends 
The DSC results presented in Section 8.1 are taken as the guide points in establishing the 
optimum curing conditions for the resin samples to get void free good quality samples. A 
slow heating rate of 2˚C/min is used in the oven to cure the resin with different curing 
cycles, because a fast heating rate will cause the sudden release of water / formaldehyde 
during the curing process causing bubbles and voids. To get good quality samples, the 
curing has been carried out in different steps of temperature rise. The optimum curing 
conditions for the samples are listed in the Table 8.2. 
H H
O
H H
OH
H
H O
-
O
+
[HO-]
(III)2
OH CH2O H
n
(IV)
CH2OCH2 CH2 + HCHO
NHCH 2OH + NH2 NHCH 2NH + OH2
(V)
NHCH 2OH2 + HOCH2CH2OCH2CH2OH NHCH 2OCH2CH2OCH2CH2OCH2NH
(VI)
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Table 8.2 Curing conditions for UP, MF and their blended cast resins 
System Curing conditions 
UP RT 24 h, 80 ˚C 6 h 
MF RT 24 h, 50 ˚C 24 h, 80 ˚C 12 h 
UP/MF:70/30 RT 24 h, 80 ˚C 24 h 
UP/MF:50/50 RT 24 h, 80 ˚C 24 h 
 
 
8.3 Characterisation of cured UP, UP/MF and MF resins by IR-ATR 
Figure 8.5 shows IR-ATR spectra of UP, MF, UP/MF:70/30 and UP/MF:50/50 blended 
resin samples. UP shows bands at 2985 cm
-1 
for
 
unsaturated C=H stretching vibrations and 
2917cm
-1 
for aliphatic hydrocarbon stretch but the
 
most characteristic band of UP is the 
strong carbonyl stretch at 1722 cm
-1
. Bands at 1600 cm
-1
 and 1490 cm
-1
 arise from 
aromatic rings. 
 
In MF, the band at 3311 cm
-1 
is assigned to the NH stretch of primary amine attached to 
the methylene bridge [6-8]. The peaks at 2851 and 2924 cm
-1 
are attributed to the 
methylene C-H symmetric and asymmetric stretch. The peak at 1542 cm
-1 
can be assigned 
to N-H bend of bridging secondary amine [6-9]. The peak at 1474 cm
-1 
can be attributed to 
the methylene C-H bend. The peak at 1121cm
-1 
may be assigned to secondary amine [6]. 
Besides, the peak of 813 cm
-1
 is the characteristic peak of a triazinyl ring [9]. 
 
 
Figure 8.5 ATR spectra of UP, UP/MF:70/30, UP/MF:50/50 and MF cured cast resins 
 
(a
u
)
UP
UP/MF:70/30
UP/MF:50/50
MF
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The IR spectrum of UP/MF:50/50 shows all the peaks of UP as well as of MF. In UP/MF 
blends the 3311 cm
-1 
peak area is broader and the intensity of the bands were reduced 
compared to those in pure resins as expected, but it is difficult to quantify the content of 
resin in the blends with the intensity of the bands or identifying any reaction between the 
components of the blended resin. 
 
8.4 Compatibility study of resins in UP/MF blends by DMTA 
8.4.1 Tan delta 
The compatibility between the blended resins is studied by DMTA. From Figure 8.6, Tg of 
the UP, UP/MF:70/30 and 50/50 blended cured cast resins has been identified as the peak 
temperature of the  Tan δ curve [10-12]. It was not possible to do DMTA for MF because 
it was too brittle. The values of Tg for the cast resin samples are listed in the Table 8.3.  
 
 
Figure 8.6 Tan δ vs. temperature curves for cured resin of UP, UP/MF:70/30 and 
UP/MF:50/50 
 
The blended resins of UP/MF:70/30 and 50/50 show single Tan δ peaks  similar to that of 
UP indicating  that the blended materials behave as single  homogeneous materials or that 
the Tg of the pure UP and MF are similar. The Tg of UP is 94 
o
C. From Figure 8.6, the Tg 
of UP/MF:70/30 blended resin is 80 
o
C and the Tg of 50/50 is 77 
o
C. It is observed from 
the Figure 8.6, that the Tg of the blended sample increases with increase in UP content (see 
Table 8.3).  
94oC
UP
UP/MF:50/50
UP/MF:70/30
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Table 8.3 Tg and storage modulus values of cured cast resin samples of UP and 
UP/MF blends from DMTA 
Sample  Tg (˚C) Storage Modulus at  40˚C (MPa) 
UP 94 2122 
UP/MF:70/30 80  913 
UP/MF:50/50 77 1044 
 
8.4.2 Storage modulus 
The storage modulus is the modulus that indicates the network rigidity of the polymer 
chain. Figure 8.7 shows the storage modulus vs. temperature curve for the cured cast 
samples of UP, an UP/MF:70/30 and 50/50 blends. The storage modulus of UP at 40 
o
C is 
2367 MPa and for the blends it is 913 MPa and 1044 MPa for U/MF:70/30 and 50/50 
respectively (see Table 8.3).  
 
Figure 8.7 Storage modulus vs. temperature curves for cured samples of UP, 
UP/MF:70/30 and UP/MF:50/50 
 
From Figure 8.7, it can be seen that the storage modulus of all the samples decreases with 
increasing temperature from 40
 o
C to around 110
 o
C. The plateau above 110 C indicates 
that all the samples were completely cured. From the DMTA results, it is concluded that 
the toughness and the strength of UP are better than those of blends (see Table 8.3.), 
which indicates that MF may be acting as plasticising agent and thus reducing the modulus 
and the Tg of the blend (Table 8.3). The reduction in storage modulus values of blends 
indicates, that the cross linking density is reduced in the blended resins which decreases 
UP/MF:50/50
UP/MF:70/30
UP
 234 
 
further as the content of the UP is decreased. The poor storage modulus values of blends is 
due to the  formation of looser network between the UP and the MF (because of 
plasticising effect of MF) / low cross linking density or might be micro phase separation 
between the components of the blended material, which is going to be further investigated 
with  the SEM results.  
 
8.5 Morphology of cured cast resin of UP, MF and their blends by SEM 
Figure 8.8 shows the SEM image of surfaces of UP, MF, UP/MF:70/30 and UP/MF:50/50 
cured resins fractured by bending.  
 
 
Pure UP and MF show homogeneous smooth plain surfaces. However, heterogeneous 
morphology is noticeably present in the co-blended resin samples of UP/MF:70/30 and 
50/50. It can be seen in Figure 8.8, that the nearly circular shaped MF domains are 
embedded in irregularly shaped UP domains in the blended resins. When the content of 
MF increases, then the number of circular shaped domains increases. It might be that UP 
and MF resins in the blends cured simultaneously but as two different phases. We can 
easily identify two different materials from the SEM image, the nearly round shaped 
material is the MF resin and the more rough plaque material is UP (slightly darker than 
MF). This implies that the domains of the two phases are phase separated. There is no 
indication of intimate mixing of UP and MF resins.  
 
UP MF 
UP/MF: 70/30 UP/MF: 50/50 
Figure 8.8 SEM images of fractured surfaces of UP, MF, UP/MF:70/30 and 
UP/MF:50/50 cured resin. Scale bars are 20 µm 
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8.6 Thermal stability of UP, MF and their blended cured resins 
8.6.1 TGA under nitrogen and air 
MF in air 
Thermal stabilities of UP, MF and their blended resins were investigated by thermo 
gravimetric analysis (TGA). Figure 8.9 a1), a2) show the mass loss curves from TGA for 
UP, MF and their blends; in b1), b2) are their derived thermo gravimetric (DTG) curves 
and in c1), c2) are the DTA curves plotted against temperature. Traces a1), b1), c1) are 
recorded in air while a2), b2), c2) are in nitrogen. DTA and TGA parameters derived from 
traces recorded in air and nitrogen are listed in Tables 8.4 and 8.5 respectively. The results 
for UP have already been explained in detail in Chapter 4. 
 
 
Figure 8.9 a1), a2) TGA curves and b1), b2) Derivative weight loss curves and c1), c2) 
DTA curves of cured UP, MF resin and their blends; (a1), b1), c1)) in air and (a2), 
b2), c2)) in nitrogen 
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As seen from Figure 8.9 a1), the mass loss curve of MF in air indicates four stages of 
decomposition, whereas UP has two main stages. In MF, there is 6.3 % initial mass loss 
due to evaporation of solvent/moisture and the post curing from RT to 110
 o
C. The major 
polymer mass loss occurs above 110
 o
C and upto 288
 o
C, 39.4 % mass loss occurs [13]. 
This mass loss is due to the degradation of polymer as well as the additional DEG solvent 
evaporation (because MF is a mixture of MF600 and DEG in 1:1 ratio and the boiling 
temperature of DEG is 245
 o
C). This first stage can be seen from DTG Figure 8.9 b1), 
showing peak at 218
 o
C. This first stage is corroborated by a small endothermic DTA peak 
at 216
 o
C. The further polymer degradation occurs in the second stage with narrow 
temperature range of 288-382 
o
C with the mass loss of 25.7 % and a DTG peak at 356
 o
C 
and an endothermic DTA peak at 378 
o
C. The last stage of thermal degradation is between 
the wider range of temperature 382-639
 o
C with a mass loss of 26 %, and giving a DTG 
peak at 597
 o
C. Finally, there is a char oxidation stage giving rise to an exothermic peak 
with a maximum at 593 
o
C (see Figure 8.9 c1)). The residue at 575
 o
C for MF is 13.1 wt. 
%. 
 
Table 8.4 DTG –DTA analysis of cured UP, MF resin and their blends in air 
Sample 
Temp 
range (
o
C) 
Mass loss 
(%) 
DTG max 
(
o
C) 
DTA max (
o
C) 
(Exo) 
Residue at 
575 
o
C (%) 
UP 
RT-183 
183-435 
435-566 
0.9 
93.1 
5.6 
 
373 
532 
 
352 (En.S):404 
533 
 
 
0.4 
MF 
RT-110 
110-288 
288-382 
382-639 
6.3 
39.4 
25.7 
26.0 
 
173,218 
356 
597 
 
218 (En.S) 
378 (En.S) 
593 
 
 
 
13.1 
UP/MF:70/30 
RT-206 
206-437 
437-605 
5.1 
78.4 
15.6 
 
363 
559 
 
384 (En.S) 
556 
 
 
4.4 
UP/MF:50/50 
RT-206 
206-475 
475-627 
9.9 
73.9 
16 
 
363 
576,621 
 
376 (En) 
573,623 
 
 
7.4 
  Note: En. Indicates endothermic, S indicates small and Exo indicates exothermic.  
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MF in nitrogen 
Figures 8.9 a2) and b2) show the mass loss curve and DTG curve of MF in nitrogen. MF 
in nitrogen exhibits three main stages of mass loss similar to that in air, and additional 2.3 
% mass loss upto 110
 o
C. The first stage of degradation is between 110 and 287 
o
C with 
the mass loss of 31.7 % and a DTG maximum at 246
 o
C with a small endothermic DTA 
peak at 250 
o
C, which is similar to that in air. The second stage of mass loss is also similar 
to that in air, taking place between 287 and 383 
o
C with a mass loss of 36 % and a DTG 
maximum at 358
 o
C with a small endothermic DTA peak at 367 
o
C. The third stage of 
mass loss is between 383 and 524
 o
C with a DTG maximum at 472
 o
C and an endothermic 
DTA peak at 474 
o
C which is different from a third DTA peak in air (593
 o
C large 
exothermic peak due to oxidative degradation). The char residue at 575
 o
C in nitrogen is 
21.5 % which is more than that in air (13.1 %) (see Table 8.5); as expected. 
 
Table 8.5 DTG –DTA analysis of cured UP, MF resin and their blends in N2 
Sample 
Temp range 
(
o
C) 
Mass 
loss (%) 
DTG max 
(
o
C) 
DTA max 
(
o
C) (Endo) 
Residue at 
575 
o
C (%) 
UP RT-183 
183-462 
0.9 
94.8 
 
383 
 
369 
 
4.3 
MF 
RT-110 
110-287 
287-383 
383-524 
2.3 
31.7 
36 
9 
 
246 
358 
472 
 
250 
367 
474 
 
 
21.5 
UP/MF:70/30 
RT-276 
276-463 
14.5 
74.9 
220 
366 
 
377 
 
9.0 
UP/MF:50/50 
RT-276 
276-453 
22 
63 
221 
373 
 
383 
 
10.9 
    Note: Endo- Indicates endothermic.  
 
UP/MF blended resins in air and nitrogen 
Figure 8.9 a1), b1), show the mass loss curve and DTG curve of UP/MF:70/30 blends in 
air and indicates that there are two stages of degradation, similar to those in UP. From 
Figure 8.9 a1), it can be seen that there is a small mass loss of 5.1 % between room 
temperature and 206 
o
C probably associated with dehydration, or solvent evaporation. The 
first stage of significant degradation occurs between 206 
o
C and 437
 o
C, with a mass loss 
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of 78 % and DTG max of 363
 o
C, the behaviour of which is close to that of UP. In 
UP/MF:70/30, the second stage of mass loss is only 15.6 % between 437 
o
C and 605 
o
C 
and with a DTG maximum at 559 
o
C associated with the exothermic peak at 556
 o
C in the 
respective DTA curve (Table 8.4). However, the residue at 575
 o
C is only 4.4 % which is 
higher than that of UP (0.4 %). The mass loss rate in the thermo oxidative degradation 
stage (second stage) is higher in blends as shown by larger DTG peaks, indicating more 
oxidation similar to MF. The TGA curve of the 70/30 blend shows the overall 
improvement in thermal stability compared with that of pure UP with the main 
improvement being in the char formation and in the temperature of second stage of 
degradation because of the MF content. The UP/MF:50/50 blend exhibits similar trends in 
its TGA, DTG and DTA curves (see Figure 8.9 a1), b1), and c1). It is clearly noticed from 
the Figure 8.9 a1), b1) and from the Table 8.4 that the DTG maximum shifts to higher 
temperatures in the second stages of degradation, and that the residue at 575
 o
C increases 
with an increase in MF content of blends; the residue for UP/MF:50/50 is 7.4 %. 
 
In nitrogen, the TGA and DTG curves of UP/MF:70/30, and 50/50 blends all indicate a 
single stage of degradation, similar to those of UP and MF. In these blends, thermal 
stability is improved with the MF component acting as a char former. As in air, the blends 
show higher char yields than that of UP (see Table 8.5). Char yield increases with an 
increase in MF content.  
 
In Figure 8.10- a1), a2) and b1), b2), calculated mass losses ((mass fraction of UP × 
measured mass loss of cured UP) + (mass fraction of MF × measured mass loss of cured 
MF) are given for UP/MF:70/30 and 50/50 blends in air and nitrogen in order to identify 
differences between these and the experimental results (actual mass loss from TGA test) 
and thus to highlight any synergistic or antagonistic interactions between UP and MF. 
From Figure 8.10 a1), a2), and b1), b2), it can be seen that there is a slight difference in 
the experimental and calculated curves in air for UP/MF:70/30 and 50/50 blends than in 
nitrogen. In air, the experimental mass loss is slightly less than the calculated values from 
room temperature to around 600 
o
C in both 70/30 and 50/50 blends. In air, the blends of 
UP/MF:70/30 and 50/50 have shown slightly higher thermal stability than UP as expected. 
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Figure 8.10 a1), a2) and b1), b2) are Experimental and calculated TGA curves for 
UP/MF:70/30 and UP/MF:50/50 cured resins in air & nitrogen 
 
From Figure 8.10 b1) and b2), it is noticed, in nitrogen there is no significant difference 
between experimental and calculated curves for UP/MF blends, indicating there can be no 
reaction between their components of the blends. It can be seen that the two resins are not 
really compatible, and not intimately mixed as discussed in SEM results.  
 
8.6.2 Evolved gas analysis 
The gases evolved during the thermal decomposition of UP, MF and their blends in 
nitrogen were analysed by TG-FTIR in order to identify the thermal degradation 
mechanism. In Chapter 4, the thermal degradation mechanism of UP has been reported in 
detail. Figure 8.11 a) and b) shows the IR absorbance spectra recorded for volatile products 
of degradation of MF and UP/MF:50/50 blend at different temperatures in nitrogen. The 
intensities of bands in these spectra and those of other resins and resin blends were used to 
construct the plots of amount of degradation product versus temperature presented in 
Figure 8.12. 
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Figure 8.11 FTIR spectra of evolved gases in nitrogen: a) MF and b) UP/MF:50/50 at 
different temperatures 
 
The main band assignments are discussed in Chapter 4. UP has shown  the evolution of 
carbon dioxide (2360 cm
-1
), phthalic anhydride (1866 cm
-1
) , styrene (709 cm
-1
) and 
compounds containing aliphatic groups (2925 cm
-1
), benzenoid groups (1600 cm
-1
) and 
aromatic groups (3025 cm
-1
)
 
in IR spectra recorded under nitrogen as discussed in Chapter 
4. 
 
MF resin 
Figure 8.12 shows intensity vs. temperature curves for the gases evolved during the 
thermal degradation of UP, MF and their blends. The main evolved gases in the first 
degradation stage between RT and 287 
o
C are identified as water, methanol, CO2 and 
200 o C
373 o C
500 o C
600 o C
700 o C
(a
.u
)
a) MF
b) UP/MF:50/50 
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compounds containing aliphatic groups (dehydration of absorbed moisture, post curing or 
initial degradation of MF as discussed earlier in TGA section). Their respective absorption 
bands are given below, 
 
Water: 3750 cm
-1   
(O-H stretching vibration) 
Methanol: 1035 cm
-1   
(C-O stretching vibration) 
CO2: 2360 cm
-1
 
Aliphatic hydrocarbons: 2925 cm
-1 
(C-H stretching vibration) 
 
The amounts of gases evolved during the thermal degradation of the MF resin, calculated 
from the area under the curve of absorbance vs. temperature curves of each gas component, 
are listed in Table 8.6. 
 
During the second stage of degradation between 287
 o
C and 383
 o
C, the main volatile 
products are HNCO, NH3, water, methanol and a small quantity of formaldehyde. 
Formaldehyde is attributed to a small peak around the band between 1720 and 1740 cm
-1 
(see Figure 8.11 a)) and it is formed as shown in the Scheme VII. It was not possible to 
calculate the amount of formaldehyde, because its peak was overlapped with the peaks 
from UP in the blends. From Figure 8.11 a) at 360 
o
C, it can be clearly seen that there is a 
broad peak between 2200 and 2400 cm
-1
 arising from the emission of HNCO gas, the 
characteristic band being at 2284 cm
-1 
[14]. The emission of NH3 is also confirmed by the  
fingerprint region (H-N-H wagging vibration)  band at 965 cm
-1
, and arises from the 
breakdown of the three –dimensional polymer structure [15]. During the third stage of 
degradation between 383 and 524 
o
C, the emission of HNCO and NH3 continues and ends 
at above 600 
o
C (see Figure 8.12). 
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Figure 8.12 Absorbances of pyrolysis products for UP, MF and UP/MF blends as a 
function of temperature obtained from TGA-FTIR in nitrogen 
 
 
 
Scheme VII Formation of formaldehyde by decomposition of ether bridges [1]
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Table 8.6 Quantities of evolved gases calculated from TGA-FTIR spectra of UP, MF and their blends in nitrogen 
Sample 
Gas evolved (FTIR peak( (cm
-1
) x 10
-2
)) 
H2O 
 
-3750 
CH3OH 
 
-1035 
Ali.Hyd. 
carbons 
-2925 
CO2 
 
-2360 
Phthalic 
anhydride 
-1866 
Styrene 
 
-700 
NH3 
 
-965 
HNCO 
 
-2284 
Ali.Hyd. 
carbons 
-2925 
UP 0.3 0.89 1.49 1.91 2.68 2.53 0 0 1.49 
UP/MF:70/30 
0.64 
0.71 
2.74 
1.78 
1.94 
1.90 
1.33 
1.90 
1.43 
1.88 
1.12 
1.77 
1.69 
1.53 
0.94 
0.89 
1.94 
1.90 
UP/MF:50/50 
1.1 
0.98 
3.04 
2.38 
2.3 
2.18 
1.03 
1.89 
0.72 
1.34 
1.00 
1.27 
2.72 
2.56 
1.58 
1.49 
2.3 
2.18 
MF 1.65 3.86 2.86 1.87 0 0.00 5.11 2.97 2.86 
 
Note: The values in red and in italics are the calculated averages from the individual components. 
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UP/MF resin blends 
All the species identified in gases evolved during degradation of UP and MF resins in 
nitrogen, are found also in the gaseous degradation products from UP/MF resin blends, as 
can be seen from Figure 8.12. However, while the yields of most products from the 
blends, such as methanol, phthalic anhydride, styrene, CO2, HNCO and NH3 lie between 
those of respective resin components (see Table 8.6), there was no new volatile species 
identified in the decomposition products of the blended materials, indicating that each 
component in the blends decomposes independently rather than there being an interactive 
decomposition of both resins (this conclusion is supported by the earlier DMTA and SEM 
results given in Sections 8.4 and 8.5). This observation further indicates that the resins 
exist as separate phases and are not intimately mixed. 
 
8.7 Flammability behaviour of cast resins 
8.7.1 Limiting oxygen index (LOI) 
The flammability behaviour of UP, MF and the effect of MF on the flammability behaviour 
in the UP/MF blends were determined by an LOI test. The LOI values of pure UP, MF and 
UP/MF blends are listed in Table 8.7 along with the ΔLOI values (LOI of sample – LOI of 
UP) and the calculated LOI values from the components of the blends. The LOI of MF is 
22.1 % and is higher than that of UP (17.9 %). The LOI values of UP/MF:70/30 and 50/50 
blends are 18.4 and 19.2 % respectively (see Table 8.7). Figure 8.13 demonstrates the 
relationship between MF content and ΔLOI in UP/MF blended resins. 
 
Table 8.7 Limiting oxygen index of cured UP, UP/MF and MF cast resins 
Sample ID LOI (%) ∆ LOI 
UP 17.9 + 0.1 0 
UP/MF:70/30 18.4 + 0.2 (19.2) 0.5 
UP/MF:50/50 19.2 + 0.1 (20.0) 1.3 
MF 22.1 + 0.2 4.2 
 
Note: The LOI values in parentheses are calculated from those of the components 
From Figure 8.13, it can be clearly seen that the LOI values of the blends are in between 
those of UP and MF and that the LOI values of UP/MF blends increase with increasing MF 
content. In order to investigate the  interaction between the UP and MF in their blends and 
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also to study the improved flammability of UP/MF blends, the LOI values were calculated 
with respect to the mass fraction of the components in the blends, assuming a rule of 
mixtures applies (see  Table 8.7). 
  
 
Note: Darted line indicates expected trend in LOI, assuming a rule of mixtures applies 
Figure 8.13 ΔLOI % vs. MF content (wt. %) 
 
It can be seen, that the calculated LOI values are higher than the experimental ones, 
indicating there is no interaction or reaction between UP and MF resin in the blends 
(supported with the DMA and SEM results). The lower experimental LOI values (Figure 
8.13) indicates, there is an existence of angtonistic effect in the UP/MF blends, as noted in 
Figure 4.21 (see page 92) for UP blends containing resole phenolic resins but the opposite 
of that seen for novolac resin presence in Figure 7.8 ( see page 202). The phase separation 
in the blend might be the one of the reasons for the lower LOI than the expected one in the 
blends. 
8.7.2 Cone calorimetry of cast resins 
The cured cast resin samples of UP, MF and their blends were tested with a cone 
calorimetric at 50 kW/m
2
 heat flux for their flammability behaviour. The HRR, % mass 
loss and RSR versus time curves for UP, MF and their blends are plotted in Figure 8.14 a), 
b) and c) respectively. The derived parameters are listed in Table 8.8.  
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Figure 8.14 a) HRR; b) mass loss and c) rate of smoke release vs. time curves for UP, 
MF and UP/MF cast resins at 50 kW/m
2
 external heat flux 
 
From Figure 8.14 a), it can be seen that the MF ignited at 20 s which is lower than that of 
UP (36 s), this might be due to the higher solvent (DEG) / volatiles content of MF. The 
pure MF resin burns for 198 s, which is a longer time than that of UP (FO is 188 s) with a 
low PHRR of 513 kW/m² (UP: 1110 kW/m²) and also with much reduced THR of 48 
MJ/m
2
 (UP is 83 MJ/m
2
) due to its inherent flame retardancy property. The slow 
combustion behaviour of MF can be identified from shape of the HRR curve (see Figure 
8.14 a)). PHRR for MF is 54 % lower than that of UP (see Table 8.8), THR is 42 % lower 
and there is no smoke production when compared to UP. The char yield of MF is 18.9 % 
(for UP it is 1.3 %); this char acts as a thermal barrier similar to its action in phenolic 
resins [16, 17]. In addition, the mass loss vs. time curves in Figure 8.14 b) and smoke 
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released curve from Figure 8.14 c) show the clear difference between the flammability 
behaviour of MF and that of UP.  
 
Table 8.8 Cone calorimetric results for cast resin samples of UP, MF and UP/MF 
blends at 50 kW/m
2
 heat flux 
Sample 
TTI 
 (s) 
FO 
(s) 
PHRR 
(kW/m²) 
THR 
(MJ/m
2
) 
TSR 
(m²/m²) 
CY 
(%) 
UP 36 188 1110 83 4813 1.3 
UP/MF:70/30 30 192 822 (-26) 73 (-12) 2385 (-50) 8.4 
UP/MF:50/50 22 196 674 (-39) 71 (-15) 1832 (-62) 11.1 
MF 20 198 513 (-54) 48 (-42) 0 (-100) 18.9 
 
Note: The variation in values for different parameters are: TTI = ± 2; FO= ± 5; PHRR = ± 37; THR 
= ± 1.6; TSR= ±126; CY % = ± 3.2. 
          Percentage reduction with respect to the values for UP one given as negative values within 
the parentheses  
 
The UP/MF:70/30 and 50/50 blends show TTI of 30 s and 22 s, respectively. TTI of the 
blends decreases with increase in MF content due to its high solvent / volatile content. But 
there is a little increase in their times to flame out owing to their MF content (see Table 
8.8). ∆ TTI (TTI value of sample –TTI of UP), ∆ PHRR, ∆THR, ∆TSR and the wt. % 
residue vs. MF content are plotted in Figures 8.15 a) - e) to illustrate the effect of MF 
content. Figure 8.15 a) shows ∆TTI vs. MF content.  From Figure 8.14 a), the reduction in 
PHRR values and the different shape of the HRR curves can be clearly seen. The PHRR 
values of UP/MF:70/30 and 50/50 blends are 822 and 674 kW/m², respectively. Figure 
8.15 b) shows ∆PHRR vs. MF content. From Table 8.8, it is observed that there is not 
much difference in the THR values of70/30 and 50/50 blends and their THR values are 73 
and 71 MJ/m
2 
respectively. There is a 26 % reduction in PHRR in UP/MF:70/30 (see 
Table 8.8), 12 % reduction in THR and 50 % reduction in TSR when compared to those of 
UP. The char yield of UP/MF:70/30 blended resin is 8.4 %. The HRR curve of 
UP/MF:50/50 is similar to that of MF because of its highest MF content. There is a 39 % 
reduction in PHRR in UP/MF:50/50 (see Table 8.8), 15 % reduction in THR and 62 % 
reduction in TSR when compared to those of UP. The char yield % of UP/MF:50/50 
blended resin is 11.1%. Figure 8.14 b) clearly shows the improvement in the char yield 
from the UP/MF:70/30 blend to the 50/50 blend because of the higher MF content (char 
former) as discussed above. The values of PHRR, THR and TSR and CY of UP/MF 
blends are between those of the pure UP and MF (see Table 8.8). Figures 8.15 b), c), d) 
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and e) give the ∆values of cone calorimetric results for the blended resins and show the 
improved flammability behaviours of UP/MF blended resins arising from the MF content.  
 
 
Figure 8.15 Effect of MF content on a) ∆TTI, b) ∆PHRR, c) ∆ THR, d) ∆TSR and e) ∆ 
% residual mass in UP/MF blends 
 
Part II Composites 
In this part of the Chapter, the mechanical properties and the flammability behaviours of 
composite laminates are analysed. The GFRC laminates of pure UP, MF and 
UP/MF:50/50 were prepared using the hand lay-up and vacuum bagging technique. The 
mass fraction of resin and the glass fibre is similar in all three composites (~ 56 % glass 
fibre and ~ 44 % resin), the laminate thickness is ~ 2.5 mm. Moreover, all three 
composites are visually good with uniform plain surfaces without any voids.  
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8.8.1 Mechanical Properties of composite laminates  
8.8.1.1 Tensile tests 
The stress versus strain curves of the glass fibre reinforced composites (GRFC) under 
tensile load are shown in Figure 8.16. The slope of stress-strain curves for pure UP, MF 
and the UP/MF:50/50 co-blended resin matrix GRFCs are very different (see Figure 8.16). 
The tensile moduli normalised with respect to 40 % fibre volume fraction (FVF) of all 
samples and their original tensile moduli are given in Table 8.9. The tensile modulus of 
GRFC of UP w.r.t. 40 % FVF is 12.6 GPa and for UP/MF:50/50 blend the value is 8.4 
GPa and for pure MF is 6.7 GPa. The lower tensile modulus of UP/MF:50/50 might be the 
effect of MF content acting as a plasticiser. 
 
Figure 8.16 Stress vs. strain curves for GFRCs of UP, MF and UP/MF:50/50 blend 
under tensile mode
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Table 8.9 Mechanical properties of GFRCs of UP, MF and their blends 
Sample 
ID 
Thick. 
(mm) 
Fibre 
wt.% 
Resin 
wt.% 
Tensile Modulus (GPa) 
Flexural 
Impact 
Modulus 
(GPa) 
Modulus (GPa) 
Original 
Normalised  
w.r.t. 
40 % FVF 
Original 
Normalised 
w.r.t.  
40 % FVF 
UP 2.4 57 43 11.1 ± 0.6 12.6 15.8 ± 0.6 18 19.6 ± 0.0 
UP/MF: 
2.5 58 42 8.2 ± 0.2 8.4 8.5 ± 0.4 8.7 10.1 ± 0.1 
50/50 
MF 2.5 55 45 6.4 ± 0.3 6.7 3.5 ± 0.2 3.7 2.7 ± 0.1 
 
Note:  The variations in values are given as + values. 
 
Even though the composites are of similar fibre content, they have different tensile moduli 
because of the phase separation or poor adhesion between the matrix and the fibre. MF 
resins mainly used in surface coatings, textile finishes and laminate floorings and have 
poor tensile properties.  
 
8.8.1.2 Flexural test 
The flexural moduli normalised with respect to 40 % fibre volume fraction of all samples 
are given in Table 8.9. The stress vs. strain curves of the GRFC under three point bending 
mode are shown in Figure 8.17.  
 
 
Figure 8.17 Stress vs. strain curves for GFRC of UP, MF and UP/MF:50/50 blend 
under flexural mode 
 
The MF has negative impact on the flexural modulus of UP/MF:50/50 composite laminate 
sample, which can be clearly seen from Figure 8.17. The slope of the stress-strain curve of 
0
2
4
6
8
10
12
0 0.001 0.002 0.003 0.004
S
tr
e
s
s
 (
M
P
a
)
Strain 
UP
UP/MF:50/50
MF
 251 
 
UP and MF are too different. The flexural modulus of GRFC of UP w.r.t. 40 % FVF is 
18.0 GPa for MF laminate is 8.7 GPa, while in blended samples it is 3.7 GPa. The flexural 
modulus values are resin dependent and because of low flexural modulus MF resin, in the 
UP/MF:50/50 composite laminate the flexural modulus value is reduced to > 50 %.  
 
In addition, MF may have a plasticising effect on the UP by the DEG solvent in the MF 
resin. Since the matrix mainly governs the flexural properties, it can be understood that the 
blended resin matrix does not act as a single material and has poor interface with glass 
fibres in the composite laminates. This can be supported with the DMTA results and the 
SEM results as discussed earlier. 
 
8.8.1.3 Impact tests  
The composite laminates are tested under the dynamic loading using the impact drop-
weight of 1.02 kg from a height of 100 mm in an Instron Dynatup tester. From the load vs. 
deflection impact curves of the composite laminate samples, the impact modulus 
(toughness), amount of energy absorption and the damage caused by the impact loading 
have been calculated. From Figure 8.19, it can be clearly seen that the load vs. deflection 
curve of UP is smooth, uniform, indicates that it does not have big damage caused by the 
drop weight during test and the slope of the curve shows it has higher impact modulus 
than that of UP/MF:50/50 and MF. The impact modulus of the UP is 19.6 GPa and the 
damage caused by the drop weight on the surface of the laminate is visibly marked as of 3 
mm diameter. The broader smooth curve of MF indicates, that it has the potential to 
absorb more energy than UP and is more flexible than that of UP. In addition the impact 
modulus of MF is 2.7 GPa only. The damage caused by the drop weight during impact test 
is not a visible in MF, indicates that the resin is more plastic.From Figure 8.18, the initial 
tangent of curve is almost similar for UP and UP/MF:50/50 GFRC laminates. The impact 
modulus of UP/MF:50/50 is only 10.1GPa. However, the shape of the UP/MF:50/50 curve 
is more similar to the UP than the MF composite. After impact testing, the damaged area 
on the tested sample was measured. Digital images of the samples are shown in Figure 
8.19 b). The size of the damage in UP/MF:50/50 is ~14 mm diameter. Indicates, that both 
fibre and matrix properties are influencing the impact and damage tolerance of composite 
laminates. Indicates; the MF content has adversely affected the impact properties similar 
to those of flexural.  
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Figure 8.18 Load vs. deflection curves for GFRCs of UP, MF and UP/MF:50/50 from 
impact load of 1.02 kg and 100 mm drop height 
 
The results of mechanical properties of fibre-reinforced composites in Table 8.9 has 
shown that the inclusion of MF in UP has significantly affected all mechanical properties 
of UP. This is due to the phase separation and also the properties of MF resin itself in the 
UP/MF blended resin. 
 
 
Figure 8.19 Digital image of GRFC laminates of UP, UP/MF:50/50 and MF samples 
after impact test 
 
8.9.1 Flammability behaviour of composite laminates – cone calorimetry 
results 
The HRR, mass loss % and RSR versus time curves for GFRCs of UP, MF and their 
blends have been plotted in Figures 8.20 a), b) and c) respectively and the derived results 
are listed in Table 8.10. 
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Figure 8.20 a) HRR; b) mass loss and c) rate of smoke release vs. time curves for UP, 
MF and UP/MF:50/50 composite laminates at 50 kW/m
2
 external heat flux 
 
 
From Figure 8.20 a), the TTI for UP is 34 s whereas for MF it is 14 s and this large 
difference is due to the higher volatiles (solvent) content of the MF resin which leads to 
earlier ignition of the MF. The UP/MF:50/50 composite has a TTI value between those of 
UP and MF of 22 s. 
 
The FO time for MF is 121 s and for the blend it is 127 s (FO time of UP is 128 s). The 
cone calorimetric curves (see Figure8.20 a)-c)) and the listed values in the Table 8.10 of 
composites show the same trend as for cast resins but the percentage differences between 
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the UP, MF and the UP/MF blend results are not the same as in the cast resins since the 
glass fibre in the composites has some impact. The composite sample of UP has a PHRR 
of 599 kW/m² whilst for MF it is 365 kW/m² and for the UP/MF:50/50 blend the value is 
between the values of pure resins at 395 kW/m². The percentage reduction in PHRR of MF 
and the blend w.r.t. PHRR of UP composite is 40 % and 34 % respectively but in cast resin 
it is 54 and 39 %. 
 
Table 8.10 Derived cone results of composite samples of UP, MF and UP/MF: 50/50 
blend at 50 kW/m
2
 heat flux 
Sample 
Mass 
Fraction (%) TTI 
(s) 
FO 
(s) 
PHRR 
(kW/m²) 
THR 
(MJ/m
2
) 
TSR 
(m²/kg) 
Res. 
(%) 
Glass Resin 
UP 57 43 34 128 599 33 1640 57 
UP/MF:50/50 58 42 22 127 395 (-34) 29 (-12) 380 (-77) 60 
MF 55 45 14 121 361 (-40) 26 (-22) 0 (-100) 65 
  
 Note:  The variation in values for different parameters are as: TTI = ± 2; FO= ± 3; PHRR = ± 
24;THR = ± 0.5; smoke= ± 41; residue % = ± 0.8. 
Percentage reduction w.r.t. the values for UP one given as negative values within the 
parentheses.  
 
The total heat released from the GRFC of UP is 33 MJ/m
2
, for MF it is 26 MJ/m
2 
and for 
UP/MF:50/50 it is 29 MJ/m
2
.
  
The total smoke released by the MF is nearly zero and for 
the blend it is 384 m²/kg (see Figure 8.20 b and Table 8.10). The residual mass for the 
composite of MF is the highest (65 %) and for that of UP it is the lowest (57 %). In the 
composite laminates, much of this residue is glass fibre. 
 
From Figures 8.20 a)-c) and the Table 8.10, it can be seen that the GFRC from UP/MF: 
50/50 co blended resin shows an overall improvement in fire performance compared to 
that of pure UP.  
 
8.9 Conclusions 
From this work it can be concluded that the MF resin cannot be homogeneously co-
blended with UP resin. The SEM results reveal two different phases in the blended 
samples. There is no interaction between UP and MF observed from IR of evolved gases. 
From all of above results, it can be concluded that there is no chemical or strong physical 
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interaction between the UP and MF matrices. The thermal stabilities of blended resins are 
greater than that of UP only above 400 
o
C and in the gases evolved during the degradation 
process there are no new products compared to those from the pure resins, again indicating 
no chemical interaction between UP and MF in the blend. The LOI and cone 
calorimetric results have shown that the presence of MF in the UP/MF co-blended 
resin improves the fire retardancy of the blended material. The flammability of the 
blends decreases with increasing MF content.   
 
Although the UP/MF co-blended resin systems with different UP/MF ratios show 
improved fire retardancy, the mechanical properties of the composites are worse than 
that of UP because of the weak interface between the UP and MF phases and because 
cured MF itself has poor mechanical properties. 
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Chapter 9:  Conclusions 
 
9.1 Resume 
The main aim of this research was to develop novel flame retardant glass fibre-reinforced 
composites using co-blended resin matrices, which can retain their structural integrity on 
exposure to heat/fire with the minimum amount of smoke emission. In order to attain the 
overall aim of this research, the unsaturated polyester resin (most widely used resin in 
marine composites) was selected as the main resin and it was co-blended with a number of 
inherently flame retardant resins to form four groups of UP blends to reduce the overall 
combustibility of the blended resin matrices. The four groups are, UP/phenolic resole 
(Res-PH) blends (Chapters 4 & 6), blended resins of UP/phenolic resoles with added FRs 
(Chapters 5 & 6), UP/methacrylated phenolic novolacs (M-Nov) blends (Chapter 7) and 
UP/melamine formaldehyde (MF) blends (Chapter 8). 
  
The experimental work involved the preparation of cast resins and the GFRC laminates by 
using the co-blended resins. Firstly, the curing behaviours of all neat resins and their 
blends were studied by DSC, based on which cast resins were prepared. The compatibility 
between UP and other resins was studied by DMTA and by SEM of fractured cross-
sectional surfaces. The thermal degradation behaviours and the gases evolved during 
pyrolysis were analysed by DTA-TGA and TGA-FTIR. The flammability behaviour was 
studied by LOI and cone calorimetry. From selected blends, glass fibre-reinforced 
composites were prepared and also tested for their flammability with cone calorimetry and 
UL-94 tests. The mechanical properties of the laminates were studied by flexural, impact 
and tensile tests. From the analysed results of the above testing, the main conclusions 
drawn from this thesis are presented in the following sections as the fulfilment of the listed 
objectives in Chapter 1. 
 
9.2 UP/Res-PH blends 
Four different commercially available resole phenolic (Res-PH) resins, PH1 (water 
soluble); PH2 (ethanol soluble); PH3 (epoxy-functionalised); and PH4 (allyl 
functionalised) were co-blended with UP to prepare the cast resin samples. A traditional 
water-based resole PH1 was chosen as a reference (a non-compatible system with UP). All 
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UP/Res-PH blends such as UP/PH1, UP/PH2, UP/PH3 and UP/PH4 needed high curing 
temperatures, 180 - 200 
o
C for complete curing.  
 
From the DMTA results, the UP/Res-PH blended resins showed increasing compatibility 
in the following order: 
 PH1 (water based) < PH2 (ethanol based) < PH3 (epoxy) < PH4 (allyl) 
UP/PH1 and UP/PH2, blends with IPN structures of non-interacting polymers,  showed 
two Tgs, the peaks getting closer to each other in the latter, UP/PH3 showed one Tg with a 
small shoulder, whereas in UP/PH4 there was one Tg indicating intimately cross linked 
copolymer network structure being formed.  
 
Morphologies of cured cast resin samples were analysed using SEM images of fractured 
sections of the blends and results confirmed the trend of increasing compatibility, seen 
earlier by DMTA. UP/PH1 showed phase separation displayed by the obvious interface 
between the two polymers. The simple substitution of water with ethanol as a solvent in 
PH2 improved its compatibility with UP; the SEM micrograph of the fracture surface for 
UP/PH2 was smoother than that of UP/PH1. The introduction of the epoxy functionalities 
in PH3 further improved the compatibility, although the fractured surface still showed 
some roughness, i.e. evidence of inhomogeneity. The SEM micrograph of the fracture 
surface in UP/PH4 however, was smooth, confirming the compatibility of two resins to 
give a homogenous product in which the two polymers were intimately entangled and 
cross-linked, forming a co-continuous cross linked matrix. 
 
The thermal and thermo-oxidative stabilities in terms of mass loss of all the blends were 
intermediate between those of the phenolics and UP. The stabilities of the un-
functionalised phenolic resins (PH1 and PH2) and blends based upon them were 
marginally better than products incorporating the functionalised resole, PH3 and PH4. The 
greater thermal and thermo-oxidative stabilities of UP/Res-PH blends than of UP alone, 
transform into better fire performances for the blends as measured by LOI and cone 
calorimetric parameters, all of which show significantly higher LOI and significantly 
lower PHRR, THR and TSR values than UP. The far greater char yields in the case of the 
blends compared with UP indicated that the major mechanism of fire retardance in these 
blends is a condensed phase one in which the phenolic component acts as the char former. 
In heterogeneous UP/PH1 and UP/PH2 blends, cured Res-PH domains are dispersed 
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largely within a matrix of cured UP and the Res-PH acts as a char former and protects the 
UP domains from pyrolysis. Figure 9.1 shows a two dimensional diagram of the overall 
fire safety performances evaluated from cone calorimetric results for cast resin samples.  
 
 
Figure 9.1 A fire safety assessment grid for UP and its co-blended samples of 1. UP, 2. 
UP/PH1:50/50, 3. UP/PH2:50/50, 4. UP/PH3:50/50, 5. UP/PH4:50/50, 6. UP/M-
Nov:50/50, 7. UP/MF:50/50, 8. UP-R, 9. UP-B, 10. UP-D, 11. UP/PH2:50/50-R, 12. 
UP/PH2:50/50-B, 13. UP/PH2:50/50-D, 14. UP/PH3:50/50-R, 15. UP/PH3:50/50-B, 16. 
UP/PH3:50/50-D, 17. UP/PH4:50/50-R, 18. UP/PH4:50/50-B, 19. UP/PH4:50/50-D 
exposed to a 50 kW/m
2
 heat flux 
 
(In the samples listed above, R, B and D represent added flame retardants of RDP, BADP and 
DOPO respectively; results for these samples are discussed in section 9.3). 
 
 
In Figure 9.1 THR (the total heat release) is plotted against fire growth rates calculated by 
dividing PHRR (peak heat release rate) by TTI (time to ignition). Fire safe materials 
should have low THR and PHRR/TTI values; i.e. these samples should fall close to the 
coordinates (0;0) on a two dimensional (2-D) plot. All phenolic resins and their blends 
with UP fall within the region considered as having higher fire safety than UP. 
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Turning now to the glass fibre-reinforced composite (GFRC) samples prepared from the 
resin blends, it was discovered that the GFRC of UP/PH2 (UP with non-functionalised 
phenolic) resin blend showed higher fire resistance than that from UP but poor mechanical 
properties, the latter being due to poor compatibility between UP and PH2, whereas, the 
GFRC from UP with functionalised phenolic resin, PH3-epoxy functionalised and PH4-
allyl functionalised, showed comparatively lower flame retardancy coupled with little 
deterioration in mechanical properties (see Table 9.1). The reductions in flammability 
parameters of the different composites prepared from blended resins compared to that 
from UP are though less than respective reductions seen for the cast resins. This difference 
is due to the presence of 55-67 wt. % glass fibres in the composites. However, the trends 
are similar in both cases. All composite laminates though failed the UL-94 test and even in 
horizontal tests burnt along the whole length.  
 
 
9.3 UP/Res-PH blends with added FRs 
As seen above, it is the least compatible resin blends that are the most flame retardant, 
whereas compatible resin blends of UP with functionalised resoles (PH3 and PH4), which 
have better physical and mechanical properties, are less flame retardant. In order to 
improve the flame retardancy of the latter, selected liquid/reactive flame retardants (FRs) 
were added to the resin blends. The FRs chosen were resorcinol bis (diphenyl phosphate) 
(RDP), bisphenol-A bisdiphenyl phosphate (BADP) and 9, 10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide (DOPO). RDP and BADP were added at 20 wt. %, while 
DOPO was used at 10 wt. %. 
 
Long cure times and high final post-cure temperatures (up to 160 C in the case of UP 
with RDP) were required in order to obtain satisfactory products from UP with added FRs, 
i.e. ones that were rigid and non-tacky. All blends of UP with resoles also required long 
cure times and high final post-cure temperatures. However, for blends containing RDP 
and BADP, the final post cure temperatures were required to be no higher than those 
required in the absence of FRs (160 C), whereas when DOPO was used as the FR, a final 
post-cure temperature of 180 C was necessary.
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Table 9.1 Comparison of fire and mechanical properties of cast resins and GFRCs of UP/Res-PH blended resins with those of UP 
Sample ID 
Cast resins GFRCs 
% change w.r.t. UP cone 
results (%) 
Res. 
mass 
(%) 
% change w.r.t. UP cone 
results * (%) 
Res. 
mass 
(%) 
Thick. 
(mm) 
Resin 
mass 
(%) 
% change w.r.t. UP 
mechanical results 
(normalised to 40 % 
fibre volume) (%) 
PHRR THR TSR PHRR THR TSR 
Flexural 
Mod. 
Tensile 
Mod. 
UP 0 0 0 1 0 0 0 0.8 2.4 41 0 0 
UP/PH2:70/30 -36 -25 -44 25 -13 -13 -30 5 2.5 41 -37 -15 
UP/PH2:50/50 -44 -39 -67 37 -24 -23 -42 11 2.6 45 -20 -5 
UP/PH3:70/30 -16 -32 -34 11 -4 -17 -21 3 2.6 41 -13 +8 
UP/PH3:50/50 -35 -37 -46 20 -6 -37 -47 7 2.1 33 -2 -6 
UP/PH4:70/30 -9 -10 -7 11 -8 -5 -17 2 2.4 41 -1 +6 
UP/PH4:50/50 -21 -23 -22 14 -13 -15 -22 5 2.3 42 +2 +15 
 
Notes: The data in this table indicate the percent increase (+) or decrease (-) in a parameter w.r.t. the relevant value for UP. 
* Indicates normalised values i.e. those expected for a GFRC containing 40 wt. % resin. 
            For the GFRCs, the residue (%) is the % mass of char (actual residual mass – % glass fibre (wt.)). 
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From the DMTA results, it was observed that the presence of FRs reduced the Tg values 
and the storage moduli recorded at 40 
o
C. This could be due to the FRs acting as 
plasticisers; this effect is greater in the incompatible system (UP/PH2 blended resins) 
than in the compatible system of resins (UP/PH4). 
   
SEM images of fractured surfaces of cured UP with FRs showed well dispersed FRs 
without any aggregates in the resins. The fracture surfaces of PH2-R and PH2-D were 
rougher compared to that of PH2-B. The fracture surface of the PH3-R sample was 
smooth and homogeneous, similar to that of pure PH3, whereas the samples of PH3-B 
and PH3-D showed slightly rougher surfaces. The fracture surfaces of PH4 with and 
without FRs were smooth and more homogeneous than the fracture surfaces of other 
two PH2 and PH3 resin samples with and without FRs. The same trend had been 
noticed in the UP/Res-PH blends. 
 
This work has shown that the flame retardancy of co-cured blends of UP with PH3 and 
with PH4 can usefully be improved by the addition of an organic phosphorus 
containing FR such as RDP, BADP or DOPO. The flame-retardant action of these FR 
additives involves both gas-phase and condensed-phase components as indicated by 
increased yields of both smoke and char on combustion. The FRs were, however, least 
effective in co-cured UP/PH2 blends (see Figure 9.1). This might be associated with the 
decreased compatibility of UP with PH2 compared with UP/PH3 and UP/PH4. In 
UP/PH2 it is possible that the FR is excluded to a large extent from the PH2 phase and 
resides largely in the UP phase, and is released at relatively low temperatures into the 
gas phase during pyrolysis and combustion.  
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Table 9.2 Comparison of fire and mechanical properties of cast resins and GFRCs of UP/Res-PH blended resins with added FRs with those of UP 
Sample ID 
Cast resins GFRCs 
% change w.r.t. UP cone 
results (%) 
Res. 
mass 
(%) 
% change w.r.t. UP cone 
results * (%) 
Res. 
mass 
(%) 
Thick. 
(mm) 
Resin 
mass 
(%) 
% change w.r.t. UP 
mechanical results 
(normalised to 40 % fibre 
volume) (%) 
PHRR THR TSR PHRR THR TSR 
Flexural 
Mod. 
Tensile 
Mod. 
UP 0 0 0 1 0 0 0 0.8 2.4 41 0 0 
UP/PH2:70/30-R -52 -43 +4 17 -30 -43 +7 1.2 2.2 34 -48 -17 
UP/PH2:70/30-D -59 -32 +12 13 -30 -53 -13 4.2 2.4 41 -28 -16 
UP/PH3:70/30-R -47 -52 -1 17 -7 -48 -8 6.2 2.1 36 -47 -15 
UP/PH3:70/30-D -52 -42 -11 14 -24 -31 +12 6.5 2.8 45 -48 -25 
UP/PH4:70/30-R -41 -48 +9 14 -17 -38 -5 6 2.2 37 -38 -9 
UP/PH4:70/30-D -49 -41 +14 17 -36 -31 +22 8 2.6 46 -7 -4 
  
          Notes: The data in this table indicate the percent increase (+) or decrease (-) in a parameter w.r.t. the relevant value for UP. 
        * Indicates normalised values i.e. those expected for a GFRC containing 40 wt. % resin. 
        For the GFRCs, the residue (%) is the % mass of char (actual residual mass – % glass fibre (wt.)). 
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For the glass-reinforced composite laminate (GFRC) samples, the cone calorimetric 
results indicate that the addition of FRs reduces the PHRR, THR etc., except smoke 
compared to those of UP and UP/Res-PH composite laminates but, similar to the results 
seen for composites without FRs, the reductions are less than those seen for the 
respective cast resin samples. The GFRC of UP/PH4-D showed the greatest fire 
retardancy compared with those of the UP composite and the GFRC samples of 
UP/PH2 and UP/PH3 (see Table 9.2). In UL-94 tests, while all composites except 
UP/PH4:70/30-R failed the test, in horizontal tests, all self-extinguished, indicating that 
these composites will show good performance when tested for surface flame spread. 
 
The effects of flame retardants on mechanical properties depended on the type of test. 
While RDP reduced the flexural and impact moduli of composites of UP/Res-PH:70/30 
blends, DOPO had little effect and even increased moduli slightly in some cases.  
 
Both RDP and DOPO had little effect on tensile modulus of the GFRC of 
UP/PH2:70/30, but decreased it for the GFRCs of the more compatible UP/PH3:70/30 
and UP/PH4:70/30 systems, which indicates that the flame retardants act as plasticisers 
in these systems and affect the fibre-matrix adhesion. Amongst the different GFRC 
samples that from UP/PH4 with DOPO show the best fire retardancy with only a little 
adverse effect on mechanical performance (see Table 9.2).  
 
9.4 UP/M-Nov blends 
A methacrylated phenolic novolac resin (M-Nov) has been prepared that can be free-
radically cured with styrene and in blends with UP under conditions similar to those 
used for UP alone, i.e. room temperature for 24 h and post curing at 80 
o
C for 6 h. 
 
The UP/M-Nov co-blended resin systems had good compatibility with a single Tg 
and possessed good thermo mechanical properties, shown by DMTA results. The SEM 
micrograph of the fractured surfaces of a UP/M-Nov blend was smooth as expected for 
a homogenous product.UP/M-Nov blends showed better thermal stability in terms less 
mass loss in both nitrogen and air (between about 180 
o
C and 530 
o
C), higher 
decomposition temperature and the higher residual char %, and better flame retardancy 
than cured UP. The cone calorimetric results have shown that the presence of M-
Nov in the UP/M-Nov co-blended resin improved the fire retardancy of the 
 265 
 
blended material in terms of reduction in PHRR, THR and TSR (see Table 9.3). 
The presence of M-Nov had a minimal effect on the mechanical properties of 
composites prepared from UP/M-Nov blended resin compared with that from UP 
alone (see Table 9.3). 
 
9.5 UP/MF blends 
UP-melamine formaldehyde (UP/MF) blended samples also could be cured at RT for 24 
h followed by 80
 o
C for 6 h, similar to pure UP. From DMTA and SEM results it could 
be concluded that the MF resin cannot be homogeneously co-blended with UP resin. 
SEM showed two different phases in the blended samples.  
 
UP/MF blends showed better thermal stability than UP in terms of higher residual char 
%. The presence of MF in the UP/MF co-blended resin improves the fire 
retardancy of the blended material giving lower PHRR, THR, TSR and higher 
residue % than those of UP (see Table 9.3). Although the UP/MF co-blended resin 
system showed improved fire retardancy, the mechanical properties of the 
composites were worse than those of UP because of the weak interface between the UP 
and MF phases and because cured MF itself has poor mechanical properties (see Table 
9.3). 
 
9.6 Overall conclusions 
The flame retardancy of glass fibre reinforced composites of UP has been improved 
successfully by the co blending of UP with PH4 (allyl functionalised phenolic resole) 
and UP with M-Nov (methacrylated novolac resin), without detrimental effect to the 
mechanical properties compared with those of traditional UP composites. The 
composites prepared from co-blended resins of UP/PH3 and UP/PH4 with DOPO also 
show improved flame retardancy albeit the slightly reduced mechanical properties 
compared to those of a UP composite. 
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Table 9.3 Comparison of fire and mechanical properties of cast resins and GFRCs of UP/M-Nov and UP/MF blends with those of UP 
Sample ID 
Cast resins GFRCs 
% change w.r.t. UP 
cone results (%) 
Res. 
mass 
(%) 
% change w.r.t. UP 
cone results * (%) 
Res. 
mass 
(%) 
Thick. 
(mm) 
Resin 
mass 
(%) 
% change w.r.t. UP 
mechanical results 
(normalised to 40 % fibre 
volume) (%) 
PHRR THR TSR PHRR THR TSR 
Flexural 
Mod. 
Tensile Mod. 
UP 0 0 0 1.3 0 0 0 1.2 2.4 43 0 0 
UP/M-Nov:50/50 -26 -23 -25 12.4 -14 -3 -12 3.1 2.5 45 -1 -5 
M-Nov -29 -27 -27 19.7 -23 -8 -21 5.4 2.4 43 0 -4 
UP/MF:50/50 -39 -15 -62 11.1 -34 -12 -77 2.0 2.5 42 -52 -33 
MF -54 -42 -100 18.9 -40 -22 -100 10.0 2.5 45 -79 -47 
       
     Notes: The data in this table indicate the percent increase (+) or decrease (-) in a parameter w.r.t. the relevant value for UP. 
            * Indicates normalised values i.e. those expected for a GFRC containing 40 wt. % resin. 
            For the GFRCs, the residue (%) is the % mass of char (actual residual mass – % glass fibre (wt.)). 
 
  
9.7 Future work 
Although the co-blended resin of UP with PH4 (10 % allyl functionalised resole 
phenolic) composite samples have shown better flame retardancy than those of UP 
composites, the percentage improvement in the flame retardancy from UP/PH2 (non-
functionalised resole) is higher than that of UP/PH4 composites. Further study should 
investigate the relationship between the percentage of allyl functional groups present in 
an inherently flame retardant resin and their mechanical properties and flammability 
behaviour of co-blended resins. From the above research, the optimum percentage of 
allyl functionalisation required for the phenolic resin to achieve the maximum flame 
retardancy without affecting its mechanical properties can be identified for the co-
blended resins of UP with the allyl functionalised phenolic resins. 
 
Another future project is to improve the flame retardancy of UP/M-Nov blended resin 
system by reducing the amount of styrene added into the M-Nov component. In my 
PhD research, 32 wt. % styrene was added with the M-Nov and in future, the amount of 
styrene can be varied and its effect on the flammability and mechanical properties of the 
UP/M-Nov system can be studied.  
 
From this PhD research, it was noticed that the mechanical properties of UP/MF 
composites were poorer than the mechanical properties of UP composites. The MF 
consists of 1:1 wt. mixture of spray dried melamine formaldehyde powder and 
diethylene glycol solvent. The excess amount of solvent might be one of the reasons for 
the poor mechanical properties. In future, mixtures could be tried containing less 
solvent. The homogeneity of the UP/MF resin system might be improved by the use of a 
functionalised melamine formaldehyde resin such as a methylated or a butylated 
melamine formaldehyde resin. Also, such an alkylated melamine formaldehyde resin 
might chemically react with the UP resin through ether exchange [1]. 
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